Transition metal and rare earth doped stoichiometric lithium niobate crystals for holographic recording by SANJEEV SOLANKI
TRANSITION METAL AND RARE EARTH DOPED 





































NATIONAL UNIVERSITY OF SINGAPORE 
2004
TRANSITION METAL AND RARE EARTH DOPED 



























A THESIS SUBMITTED FOR THE DEGREE OF DOCTOR 
OF PHILOSOPHY DEPARTMENT OF ELECTRICAL & 





First and foremost, I would like to thank my Ph.D. supervisors Prof. Chong Tow 
Chong (Department of Electrical and Computer Engineering, National university of 
Singapore & Data Storage Institute, Singapore) and Dr Xu XueWu (Data Storage 
Institute, Singapore), whose breadth of knowledge, outstanding communication 
skills and organizational ability assured this project’s clarity and completeness. In 
particular, thanks to Dr Xu Xuewu, who first introduced me to the holographic 
recording material growth methods and constant wake my interest in the 
fundamental research. In these years, their brilliance and wise counsel; their 
unique insights and perspectives and noteworthy talents and dedication, 
accompany me throughout the program. 
I would like to thank a number of people: Dr Liang Xinan for constant discussions 
and also for crystal sample etching and provide the single domain data for as 
grown crystals. My Yongsoon Tay for polishing crystal samples and Dr Xuwei on 
providing vertical temperature gradient data of growth furnace. Thanks are also 
due to Mr Yuan Shaoning for his contribution in developing various experimental 
setups. 
Finally, I would like to convey deep appreciation for my wife for her endless 
support for all these years. She has been a constant support and encouragement. 





We used TSSG (top seeded solution growth method) to grow undoped and 
doped SLN crystal samples at very low vertical temperature gradient. We 
thoroughly studied the effect of coherent laser beams on doped SLN crystals and 
finally performed high speed and high density holographic recording. 
Developed low vertical temperature gradient flux growth method to grow 
high quality undoped and doped stoichiometric lithium niobate crystals. Growth 
was performed mainly along two directions. One was the normal to the facet 
(012), (1-12), or (-102). The other one was perpendicular to both the normal to the 
facet and X axis.. Crystal samples of 300 mm in height and 18 mm in diameter 
were obtained by this method. Optical characterization method was used to 
confirm the stoichiometric composition of undoped as well as doped (Fe,Mn,Tb) 
SLN crystals. The shift in OH-1 vibration peak supported the stoichiometric 
composition of doped crystals. Furthermore the non existence of a Raman peak 
at 740 cm-1 confirmed the non- existence of antisite intrinsic defect even in highly 
doped SLN crystals. 
 Beam fanning in doped SLN crystals was found to be deterministic 
compared to doped CLN crystals, which showed random beam fanning. The 
backward fanning in Z – cut crystals was relatively weak in Tb containing SLN 
crystals and the transmitted beam spot always preserved its shape. But for doped 
CLN crystal the transmitted beam spot was highly distorted. Further Z – cut SLN 
crystals were able to sustain very high incident power density of ~150kW/cm2. 
 iii
Plane wave hologram recording with increasing power densities was performed in 
doped SLN crystals. Total recording time ~1sec was obtained at total recording 
power density of 70W/cm2. Ultra high speed image recording was performed at 
total recording power density of ~81kW/cm2 and the image was successfully 
retrieved for recording time of ~1msec, which was 2-3 order faster than previously 
reported hologram recording time. For example Burr et al. reported average 
recording time per hologram of  ~0.34 sec [86] and Mok et. al. ~1 sec [24,33]. 
Shift –multiplexing method was implemented using focused signal beam 
and diverging reference beam to store matrix of 3 X 3 holograms. Holograms 
were recorded with in-plane shift of 100 µm  and out-of plane shift of 300 µm, 
which is similar to the results reported for recording with diverging/converging 
signal beam [120]. At the IR (778 nm) recording and UV (365 nm) gating, SLN 
crystal samples with low Tb doping concentration showed better performance 
from non-volatility point of view, i.e. readout of recorded hologram resulted in slow 
erasing of recorded hologram. The erasing time constant of recorded hologram 
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1.1. Photorefractive (PR) effect  
The photorefractive effect was first noticed as ‘optical damage’ by Ashkin 
et. al. 1966 [1] at Bell labs in mid sixties. It was called ‘optical damage’ at that time 
because, when intense laser light from pulse laser focused on ferroelectrics like 
LiNbO3 and LiTaO3, it produced local semi-permanent changes in refractive index 
of these materials as shown in Fig.1.1 . The laser beam spot was circular in 












Fig.1.1. Light induced optical damage [1]. 
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In the late sixties, Chen and his co-workers showed that this ‘optical 
damage’ in ferroelectric should be used for high-density optical storage of data. 
Chen was also the first to propose ‘charge transport model’ Chen et. al. [2], 1970 
[3] specific to these ferroelectric materials. After gaining knowledge of some more 
photorefractive materials like SBN and BaTiO3, Amodei and Staebler et. al. 
1971[4], [5] in 1972 gave the general model for charge migration. Amodei et. al. 
1971 [6], 1972[7] and 1979 [17] in their work showed that charge migration by 
diffusion plays an important role in holographic recording for sufficiently small 
grating spacing and derived expressions for the electric field patterns generated 
through drift and diffusion for plane wave holograms. 
Fig.1.2. Recording and reconstruction of image hologram [3]. 
 
 In 1974, Glass et. al. [10] introduced one more effect in LiNbO3 crystals 
together with drift and diffusion and named this effect as bulk photovoltaic effect. 
This effect was due to the asymmetry of the crystal, which caused photo-ionized 
 3
carriers to be ejected into the conduction band in a particular direction relative to 
optics axis of the crystal, thus giving rise to a photocurrent. 
1 1
dnj E eD I
dz
σ κ α= + +        (1.1) 
where the first term corresponds to drift, second term corresponds to diffusion and 
last term corresponds to photovoltaic current density.  
 
1.2. Theory – PR in crystals 
Kim et. al. 1976[14] for the first time gave the ‘non-linear dynamic theory’ 
incorporating a feedback mechanism between the photogene rated field and the 
free electron density. The most complete model considering single charge carrier 
(electron) for photorefractive effect was given by Kukhtarev et. al. [18], [19], [20] in 
1979. For the first time they derived the intensity dependence of refractive index, 
which was in earlier treatments taken as postulate (Gaylord et. al. 1972 [8], 
Ninomiya 1973[9], Vahey 1975[13], Magnussen et. al. 1976[15], Blotekjaer 
1977[16], and Moharam et. al. 1979[21]). This model took into account the effects 
of externally applied fields, the bulk photovoltaic effects and the recursive effects 
of the space-charge field on the distribution of the space charge field itself. Also, 
by using their complete set of equations they showed that they can calculate not 
only space-charge field and intensities of light beams but also the electric current 
and spatial distribution of electrons and charged traps in the crystal without 
restricting to the case in which electron density is proportional to the intensity 
interference pattern illuminating the crystal. In the same year Feinberg et. al. gave 
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the new model, which was not based on the band transport model and called 
‘hopping model’. According to this model the charge carrier ‘hops’ from site to site 
with the probability of hopping dependent on the local intensity and electric field. 
In 1985 Hall et. al. 1985[23] showed that, although being physically different from 
band transport model the hopping model may be considered as the special case 
of band transport equations. Since their introduction, kukhtarev equations have 
been applied and tested in variety of experimental situations and the results are 
always found in agreement with theory.  
 
1.3. Applications  
It has been realized since the first observations of the effect that the 
potential uses of photorefractive material are many and versatile. Applications of 
photorefractive crystals include topics like phase conjugation, beam fanning and 
amplification, optical computing and image processing, measurement techniques, 
optical correlators, optical storage, optical circuits, filters etc. The initial research 
on photorefractive crystals was motivated by the possibility of using them as 
storage media in holographic memory systems. Ideally, these crystals are capable 
of storing 1014 bits/cm3 [1, 11, 12, 29, 86] for three dimensional storage as in 
principle this is only diffraction limited (actual density is less than this value 
because of issues like cross-talk noise between different multiplexed holograms). 
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1.4. Media for holographic recording 
The present work is devoted to the use of photorefractive crystal material 
as holographic memory systems [24]. One of the key issues now for the 
development of holographic storage system is the suitable material where all the 
information can be recorded and retrieved non-destructively and can be updated if 
required. There is still no single material to achieve all these tasks, most of them 
are for WORM (Write Once Read Many) purpose. The first and most widely tested 
material for holographic storage using various multiplexing [22, 26, 28, 30 – 31, 
42 – 43,] techniques is doped and undoped lithium niobate crystals. The 
maximum storage density of ~254 Gb/in2 (angular + aperture multiplexing) at IBM 
[86] and ~225 Gb/in2 (shift + speckle = correlation multiplexing) at InPhase [119] 
was achieved in doped CLN crystal. This demonstrated storage density was only 
~1% of theoretical limit and the main reason for using lithium niobate crystal was 
because of its very low scattering noise, which was ~10-4 times lower than that of 
photopolymer media [119].  
Lithium niobate went on to become the mainstay of holographic data 
storage efforts, it was the material Hesselink's group [45,127] relied on initially 
and demonstrated impressive performance. But it has many shortcomings. The 
recording sensitivity (> 0.1cm/J) of lithium niobate is several orders lower than the 
requirement for commercial media [119]. The average recording time per 
hologram for ~254 Gb/in2 demonstration was 0.34 seconds. Several approaches 
have been used in past to increase sensitivity [67], like, by using UV pre-
illuminated crystal [6], doping with new transition metals / rare-earth elements 
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[79,84,90,98,99] or applying large electric fields [128]. Luennemann et al. 
demonstrated sensitivity achievement of 40 cm/J, which was more than two 
orders higher compared to the case when no electric field was applied. But the 
drawback of their experiment was that large electric field (20 kV/mm) was applied 
to achieve high sensitivity. Lithium niobate crystals are expensive and have to be 
grown individually. And the light that reads out holograms from lithium niobate and 
other photorefractive materials also erases [33] them. One way to record 
holograms more permanently in lithium niobate is to "fix" them, as a photographer 
in a darkroom fixes a print. Heating the material or exposing it to an electric field 
can make the lattice distortions persist, but those methods can be cumbersome. A 
more promising process for fixing holograms in niobate crystals has recently been 
demonstrated by Karsten Buse and Demetri Psaltis and Ali Adibi [44, 60, 63, 64] 
and tested by several other groups [69 – 73].  
Their technique relies on crystals doped with two elements—iron [74] and 
manganese--and exposed to two wavelengths of light: ultraviolet (UV) to prepare 
the material and red or green to actually write the hologram. The UV sensitizes 
the material for red recording by transferring electrons from manganese to the 
red-sensitive iron. The red light then excites the iron ions to dump these extra 
electrons, which migrate through the lattice and get trapped on manganese ions, 
preserving the hologram. The hologram can later be read with red light, which has 
too little energy to wrest the displaced electrons from manganese, keeping the 
hologram intact. But the sensitivity is still a big problem with lithium niobate 
crystals and need further study. One way is to try various dopants and look for 
optimized behavior. For WORM type storage devices, sensitivity (~500 cm/J) is 
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not really an issue but for read/write type of system it is very important to have 
media with high sensitivity.  
 
1.5. Stoichiometric lithium niobate 
Stoichiometric crystals have an advantage of having very low intrinsic 
defects [32, 36, 52] compared to congruent crystals, this helps in studying the 
effect of various dopants on the electrical, optical, thermal properties of these 
crystals with more clarity. Growth of bulk stoichiometric lithium niobate crystals 
was demonstrated for the first time by Malovichko et. al. [27] by adding K2O of 
6wt% to congruent melt using Czochralski method. It was further shown using X 
ray fluorescence and atomic absorption analysis that the K content in the crystal 
was practically absent [K] < 10-2 wt%. The narrowing of EPR and NMR lines 
clearly indicated that the crystal structure is heavily improved in terms of intrinsic 
defects and the finer details due to trace amount of extrinsic dopants can be 
observed and studied [48, 58 – 59, 64 – 65, 77]. 
  
Kitamura et. al [38] used Li-rich melt and DCCZ (Double crucible 
Czochralski) method to grow stoichiometric samples but Polgar et. al. [37] used 
TSSG (top seeded solution Growth) method with K2O flux added to melt and very 
high vertical temperature gradient (200 – 700 oC) to grow bulk optical quality 
crystals. M.Lee and Kitamura et. al [69 – 73, 75 – 76, 78 – 79, 81, 87 – 88, 97, 99 
97]  has done remarkable work in growth and photorefractive testing of 
stoichiometric lithium niobate crystal and still continuing to test various doped SLN 
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(stoichiometric lithium niobate) crystals. Out of the long list of transition metal and 
rare earth dopants (Fe, Cu, Ce, Mn, Tb, Mg, Pr, In and Ru) [40, 49, 84, 91 – 98] 
used with CLN and SLN most promising from photorefractive properties point of 
view are Fe [41] and Mn, where Fe act as shallow traps and Mn, Tb as deep 
traps. Recently M.Lee et. al. [97] are able to show the sensitivity Sη=0.21cm/j and 
M/# = 1 for two-color holography in transmission geometry, but the requirements 
for practical storage system is much higher than these values Sη=1cm/j and M/# = 
10. This creates lots of scope for improvement in doped-SLN [47, 51, and 82] in 
terms of new dopants and annealing conditions [61] such that required 
performance can be achieved. 
 
1.6. Thesis overview 
 This thesis presents the results of research done on growth, 
characterization and holographic recording performance of doped lithium niobate 
crystals with stoichiometric composition. Congruently grown lithium niobate 
crystals (Li ~ 48.6 mol%) have around 5 mol% (1 mol% of NbLi and 4 mol% of Li - 
vacancy) of intrinsic defects that makes it unsuitable to efficient use for 
holographic recording. Intrinsic defects density can be reduced by growing 
crystals with stoichiometric composition either by DCCZ (double crucible 
czokralski method) using Li – rich melts or form K2O containing melts. With 
reduced intrinsic defects the LN crystals can be made photorefractive by 
selectively doping with single or multiple transition metal or rare earth elements. 
The electro-optic properties of stoichiometric crystals are improved and as grown 
 9
crystals are single domain. Fe, Mn and Tb are one of the most important dopants 
for holographic recording. Beam fanning and optical damage are the main 
reasons for using low power to recording holograms that slows down the 
information recording process in X,Y or 45o cut lithium niobate crystals. By using Z 
– cut crystals and low doping concentration, the beam fanning can be drastically 
reduced and high light power density can be used to faster recording of 
information carrying holograms. 
 
Chapter 2 describes the TSSG (Top Seeded Solution Growth) of undoped 
and doped stoichiometric lithium niobate crystals at low vertical temperature 
gradient. The powder XRD measurements for lithium niobate phase and growth 
morphology using X-ray goniometer are also presented. 
 
Chapter 3 describes the optical characterization methods for stoichiometry 
of undoped and doped crystal samples using absorption edge measurement and 
OH-1 IR spectra measurement. Raman spectroscopy was used to analyze the 
intrinsic defects in TSSG grown crystals. 
 
Chapter 4 describes the effect of single laser beam on the photorefractive 
properties of doped stoichiometric lithium niobate crystal. The effect of light 
induced optical damage and beam fanning is analyzed. Also studied the effect of 
surface reflection on beam fanning and energy exchange between incident and 
reflected light beams. 
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Chapter 5 describes the one-color holographic recording in various doped 
SLN crystals and results compared with doped CLN crystal. Further work was 
done on high-speed recording in doped SLN crystals. Ultra high speed recording 
of analog images using shift multiplexing is also presented. 
 
Chapter 6 describes the two-color holographic recording in doped SLN 
crystals.  Analysis of effect oxidation and reduction on two-color recording is 
done. Further work was done to study the recording at green 532 nm and IR 778 
nm was done. 
 
Chapter 7 concludes the thesis work by drawing some conclusion based 










2. Crystal Growth 
2.1 Introduction 
Stoichiometric or near-stoichiometric lithium niobate (LiNbO3) crystal has 
many practical applications such as frequency conversion, electro-optic 
modulators, optical switches, integrated optics and holographic recording. LiNbO3 
crystal grown from a congruent melt with [Li]/ [Nb] = 0.942 has a very high 
concentration of intrinsic defects (Li vacancies and NbLi antisite defects) [82]. 
LiNbO3 crystals grown from non-congruent melts show poor compositional 
homogeneity because of solute segregation effect, which affects several physical 
properties [47, 84, 101, 102]. Due to its perfect lattice structure and very low 
concentration of intrinsic defects, the crystal with the composition close to 
stoichiometric one ([Li]/[Nb] = 1) has shown significant improvements in nonlinear 
optical and photorefractive properties for various applications such as laser 
frequency conversion and holographic data storage [49,82,88,103]. The 
refinement in crystal lattice results in narrowing of EPR as well as NMR lines [27]. 
The improved resolution of these lines also allows the observation of spectra of 
transition metals and rare earth ions, which further helps in controlling impurity 
concentration [104]. 
Stoichiometric LiNbO3 can be prepared by several methods. Bulk near-
stoichiometric LiNbO3 crystals can be grown from K2O-containing melt and Li-rich 
melt by the Czochralski and top seeded solution growth (TSSG) methods. To 
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grow bulk stoichiometric LiNbO3 with uniform crystal composition, Kitamura et al. 
[105] used double crucible Czochralski method with an extremely Li-rich melt (58-
60 mol% Li2O), which also required a continuous charging system to maintain the 
melt composition. One of the most promising methods for growing stoichiometric 
LiNbO3 is the TSSG method by adding K2O flux to Li2O-Nb2O5 melt. However, the 
TSSG technique developed by Polgar et al. [37, 63, 106] required a very steep 
vertical thermal gradient (200-700 oC/cm) to grow high quality crystals. Such a 
high temperature gradient is not easy to achieve in a normal growth system and 
may cause cracks in the grown crystal. 
 
2.2 Growth of undoped and doped SLN crystals 
2.2.1 Stoichiometric undoped 
  LiNbO3 crystals with stoichiometric composition were grown using 
the TSSG method from K2O-containing stoichiometric melts with two different 
ratios of K2O/LiNbO3 = 16 mol% and 19 mol%. The growth experiments were 
carried out along different directions perpendicular to X-cut, Y-cut, Z-cut and 
facet-cut planes. All crystal samples were grown at a low vertical temperature 
gradient of <5oC/cm above the melt. 
Starting materials was prepared by weighing and thoroughly mixing 
the powders of Li2CO3 (5N), Nb2O5 (4N) and K2CO3 (3N) with the molar ratio of 




Li2CO3  +  Nb2O5 = 2 LiNbO3 + CO2 
    1              1                 2              1 
    x               y                 z              w 
y = x,       z = 2x,       w = x 
z = 2x = 2y = 2 K2CO3/0.38 = K2CO3/0.19 = LiNbO3 
K2CO3/LiNbO3 = K2O/LiNbO3 = 0.19 
To prepare 100 g stoichiometric LiNbO3 raw materials: 
Li2CO3 = 24.9894 g 
Nb2O5 = 89.8944 g 
K2CO3 = 17.7622 g  → 18.5398 g (after taking 4.378% weight loss into 













Fig.2.1. TGA of K2CO3 powder sample. 















The prepared mixture was pressed and sintered at 950 oC for 10 h 
Fig.2.2. The sintered mixture was melted at 1150 oC and soaked for 5 h in a Pt 
crucible with the size of 60 mm in diameter and 70 mm in depth. The temperature 
was then reduced to the crystallization temperature TC, which was measured by a 




















Fig.2.3. Crystal growth cycle. 
50 o/h 
950 o for 10 hrs 
60o / h 











The typical growth (Fig.2.3 & Fig.2.4) parameters are: pulling rate 
0.1-0.2 mm/h, rotation speed 8-20 rpm, cooling rate for growth 0.1-0.5oC/h. The 
growth of LiNbO3 occurred in the temperature range of 1025-1017oC for 19 mol% 
K2O and 1052-1025oC for 16 mol% K2O. The crystalline temperature TC (Fig.2.5) 

























Fig.2.5. Crystallization temp. TC Vs K2O concentration 
 
The LiNbO3 crystals were pulled using the seeds cut from a 
congruent LiNbO3 crystal and oriented along the directions perpendicular to X-cut, 
Y-cut, Z-cut and facet-cut planes, as defined in table 1. It can be seen from table 
1 that all three facet planes are almost perpendicular to each other.  
Table  2.1.  Interplanner angles between crystallographic planes. 











































































When the crystal growth was performed perpendicular to X – cut planes 
and Z – cut planes, the growth was highly disruptive and bounded by the facet 
planes. Fig.2.6 shows the crystal sample grown perpendicular to X – cut plane 
and Fig.2.7 shows the crystal sample grown perpendicular to Z – cut plane. The 
as grown crystals were all cracked and full of inclusions even though all the 
growth experiments were performed with growth parameters setting under no 

















Fig.2.6.  Crystal sample grown along X – axis. 
       
 
The first crystal sample grown perpendicular to one of the facet – cut 
plane from 16 mol% K2O flux is shown in Fig.2.8. The flat interface is also the 
facet plane, other two facet are almost perpendicular to each other and lie along 





























































Fig.2.9. 2nd Crystal sample grown along facet – axis. 
 
Fig.2.9 shows high quality SLN crystal sample of the size 20 mm X 20 
mm X 18 mm. 
2.2.2 Stoichiometric doped 
Fe doped SLN crystals were grown by adding 100 ppm of Fe2O3 in 
the K2O containing stoichiometric lithium niobate melt. Crystal growth was 
performed along the direction perpendicular to one of the facet planes. The 
crystallization temperature of dopant containing melt increases with the doping 
concentration. The crystallization temperature of 16 mol% K2O and 100 ppm Fe 
was found to be at 1058oC and to get the crack free doped crystal sample the 
pulling rate was kept near ~0.1 mm/hr. other growth parameters were kept same 
as un-doped SLN crystal and the temperature range of crystal growth was 1058 – 
1036oC.  
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2.2.3 Stoichiometric doubly doped 
  Same procedure was used as described in section 2.2.2. Two 
crystal growths were performed. First, 10 ppm of Tb4O7 was added to 100 ppm 
Fe2O3 and 16 mol% K2O flux containing stoichiometric lithium niobate melt. The 
crystallization temperature sharply increased to 1074oC. Second, 140 ppm Tb4O7 
was added to 100 ppm Fe2O3 and 16 mol% K2O flux containing stoichiometric 
lithium niobate melt. The crystallization temperature increased by one more 
degree to 1075oC. 
2.2.3 Stoichiometric triply doped 
  Two crystal growth experiments were performed to grow Fe:Tb:Mn 
triply doped SLN crystals. In the first growth 10 ppm of MnO2 was added to 140 
ppm of Tb4O7, 100 ppm of Fe2O3 and 16 mol% K2O flux containing stoichiometric 
lithium niobate melt. For the second growth 100 ppm of MnO2 was added to 140 
ppm of Tb4O7, 750 ppm of Fe2O3 and 16 mol% K2O flux containing stoichiometric 
lithium niobate melt. Fig.2.10. shows result of second growth of triply doped SLN 



























2.3.1 Crystal structure and effect of growth direction 
    With the condition of low vertical thermal gradient, the crystals 
grown in our lab using the TSSG method showed a very strong tendency towards 
faceting. The crystal-melt interfaces were highly convexed and bounded by facets 
for the crystals grown along the directions perpendicular to X – cut plane (1-20), Y 
– cut plane (010) and Z – cut plane (001). The central part of the interface was 
always broken and contained a lot of inclusions around the pyramids consisting of 
morphologically important (012), (1-12) and (-102) facets. These facets were 
identified and indexed using the Rigaku X-ray goniometer and projection analysis. 
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      One of the crystals grown perpendicularly to the Z-cut plane from 
the16 mol% K2O fluxed melt is shown in Fig.11. The interface is bounded by three 
facets marked with arrows, and indexed in the sketch drawn as (1-12), (-102) and 
(012). The angles between these three facet planes and the Z-cut plane (plane of 





























































Fig.2.12. Sketch of end-on view of a LiNbO3 crystal grown along Z axis (Fig.2.11) 
with facet indices. 
 
These facets also appeared as pyramids in the central broken part. 
These pyramids were quite prominent and could be seen directly with eyes. The 
as-grown crystal showed clearly a three-fold symmetry, which was quite different 
from that reported previously by other researchers [1, 12, 13], where the as-grown 
crystals were almost rounded and showed weaker faceting tendency. Even 
though the transparent parts of all samples grown in different directions had a 
stoichiometric composition, none of them was crack-free and inclusion-free single 
crystal. Several rotation speeds were tried, varied from 8 rpm to 20 rpm but there 
was no significant change in the interface shape and no improvement in crystal 
quality.  
      The crystal pulled perpendicularly to one of (012) facet-cut plane 
showed promising results. Several samples were grown from the 16 mol% K2O 
( )021  





fluxed melt with combination of rotation and pulling rates. A small inclusion-free 
single crystal sample was achieved by fixing rotation rate at 20 rpm and pulling 
rate at 0.2 mm/hr. The bottom of the crystal sample was almost flat and parallel to 
the facet (012). Larger single crystal grown in the same direction was achieved 
with rotation rate of 10 rpm and pulling rate of 0.15 mm/hr. The diameter of the 
crystal sample was 15 mm and length 12 mm as shown in Fig. 2.8. Also shown in 
Fig.2.13 is 32 mm long as grown crystal sample standing on flat facet bottom. 
Most interesting feature of this sample is its perfectly flat bottom that is exactly 
one of the facet planes. Other two facet planes are almost perpendicular to each 
other and lie along the growth direction. Table.1 confirms the angles between 
these facet planes. From above morphological analyses, the broken interface due 














Fig.2.13. 32 mm long SLN crystal sample grown along perpendicular to facet 
plane [(012), (1-12), (-102)]. 
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The direction perpendicular to the facets seems to be the best one 
to grow inclusion-free stoichiometric LiNbO3 crystals at a low vertical thermal 
gradient because their crystal-melt interfaces always remain flat and not broken. 
Due to strong faceting tendency it was not possible to grow SLN crystals along Z-
axis with low temperature gradient. Polgar et al. [37] used very high thermal 
gradient (200-700 oC/cm) to grow good quality SLN crystals along Z-axis using 
the TSSG method. Kitamura et al. [57,105] used more complicated method known 
as double-crucible Czochralski method (DCCZ) that included automatic and 
continuous supply of LN powder to the melt to control the Li/Nb ratio in the 
growing crystal. Another method known as vapor transport equilibration (VTE) 
method [129,130] was also used to convert CLN crystals into near stoichiometric 
crystals but the technique was limited to thin samples only. In our TSSG method, 
we used relatively low temperature gradient (~ 5oC/cm) near the crystal-melt 
interface and the growth was always performed along two directions. The first one 
was normal to the facet plane and the second one was along the direction 
perpendicular to both the normal to the facet and X axis. This approach resulted 




2.4 XRD Analysis 
2.4.1 Powder XRD 
  The crystal powder XRD analysis was performed on a Philips 
X’PERT-MRD diffractometer using Cu Kα radiation in the range of 2θ = 20-90°. 
According to the study on the LiNbO3 crystal structure by Abrahams et al. [14], 
LiNbO3 crystallizes in the trigonal system with the space group R3c (No.161) and 
point group 3m. The conditions limiting possible reflections for hexagonal axes 
are in {hkl} for –h + k + l = 3n and l = 2n, {hhl} for l = 3n, and {h-hl} for h + l = 3n 
and l = 2n. Based on the lattice constants and atomic positions reported in Ref. 
[14], the XRD pattern of LiNbO3 phase was theoretically calculated using the 
software CaRIne Crystallography 3.1 as shown in Fig.2.14.  
 
 
Fig.2.14. Theoretically calculated XRD pattern of LiNbO3 crystal powders. 
 
 




































































Fig.2.15. Powder XRD pattern of LiNbO3 crystal grown from 19 mol% K2O. 
 
The powder XRD patterns of the crystal samples grown from the two 
different fluxed melts were given in Fig.2.15 for 19 mol% K2O and Fig.2.16 for 16 
mol% K2O, showing a pure LiNbO3 phase. 
Fig.2.16. Powder XRD pattern of LiNbO3 crystal grown from 16 mol% K2O. 
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Fig.2.17. Powder XRD pattern of LiNbO3 crystal grown from 16 mol% 
K2O + ceramic inclusions 
The pattern of the sample with inclusions chosen from the crystal grown 
from the 16 mol% K2O fluxed melt was also given in Fig.2.17. As can be seen 
from Fig.2.17, besides the main LiNbO3 phase, the inclusion part also shows 
small extra diffraction peaks (marked with •) that are corresponding to that of 
K3Li2Nb5O15 phase (JCPDS card No. 34-122).  
2.3.2 Crystal Orientation 
The growth morphology was studied using a Rigaku X-ray 
goniometer and projection analysis. Table 2 shows the XRD diffraction angle (2θ) 

























Table 2.2. X Ray Diffraction angle from X,Y,Z and facet planes. 
{hkl} 2θ (o) I/Io (%) 
n = 1 23.71 100 
n = 2 48.51 18.69 
(-102), (1-12), 
(012) 
(Facets) n = 3 76.09 1.72 
n = 1 34.82 22.83 (-120), (110), (2-
10) 
(X-cut planes) 




n = 3 62.44 10.69 
n = 6 38.95 3.63 (001) 
(Z-cut plane) n = 12 83.64 0.83 
 
Z – cut and X – cut crystal samples were prepared using facet as 
reference. As shown in Fig.2.18, with all three known facets (shown by three 














Fig.2.18. Lapped Z – face (of low temp. gradient TSSG grown doped SLN crystal) 





The crystallographic X and Y - axis are perpendicular to Z – axis that 
can be oriented by taking Z – face as reference plane. We prepared only two sets 
of crystal samples. First set that include only X – cut crystal samples as X and Y – 




















In this chapter crystal growth experiments were performed to grow 
undoped and doped stoichiometric lithium niobate crystals from K2O containing 
stoichiometric melt at low vertical thermal gradient < 5 oC. Crystals were grown 
along crystallographic X, Y, Z and facet directions. At low vertical temperature 
gradient, crystal grown along crystallographic X, Y and Z directions were all 
broken and full of ceramic parts. Crystal grown along Z – direction showed strong 
faceting tendency along growth direction and the interface full of micro-facet 
pyramids. In comparison, when the crystal was grown along one of the facet 
direction the interface always remained flat (as one of the facet plane) and large 
centimeter size crystals with stoichiometric composition were obtained. The 
lithium niobate phase of crystalline part was confirmed using powder XRD method 
with no K+ enters into the crystals, even though the ceramic parts showed the 
KLN phase. Selective amount of dopants were added to melt to grow doped 
crystals. Starting with Fe (100 ppm), Fe:Tb(100:10ppm), Fe:Tb(100:140 ppm), 











According to the study on LN crystal structure by [ ], LN crystallizes in the trigonal 
system. The space group of LN is R3c (No.161) and point group 3m. The 
conditions limiting possible reflections are in {hkl} for -h+k+l=3n and l=2n, {hhl} for 
l=3n, and {h-hl} for h+l=3n and l=2n. According to the BFDH law, the MI of a slice 
is expected to be proportional to its thickness dnh,nk,nl [ ]. The dnh, nk, nl calculated 
with the above cell parameters and extinction condition are listed in Table 1. 
Table.2.3.  The dnh,nk,nl calculated with the above cell parameters and extinction 
condition are listed. 





(-102), (1-12), (012) (-102), (1-12), 
(012) 
3.750 1 Facet 
(-114), (0-14), (104) (-114), (0-14), 
(104) 
2.736 2  
(-120), (110), (2-10) (-120), (110), (2-
10) 
2.574 3 X-cut plane 
(001) (006) 2.311 4 Z-cut plane 
(-123), (1-23), (-1-
13), 





2.249 5  
(101), (-111), (0-11) (202), (-222), (0-
22) 
2.122 6  
(-102), (1-12), (012) (-204), (2-24), 
(024) 
1.875 1  
(1-26), (-1-16), -
216), 














1.673 8  
(-312), (2-32), (3-
22), 




1.637 9  
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132) 
(-108), (1-18), (018) (-108), (1-18), 
(018) 
1.615 10  
(1-34), (-1-24), (-
324), 





1.516 11  



















3. Optical Characterization 
3.1 Introduction 
There are many optical and non-optical methods for characterizing the 
composition and homogeneity of lithium niobate crystals. Some of these methods 
are chemical analysis, melt composition, curie temperature, density, X-ray 
diffraction, NMR, EPR, UV absorption edge, refractive index, SHG phase 
matching temperature, holographic scattering, Raman scattering, OH-1 vibration 
and luminescence [35,62]. Absorption edge is one of the most accurate and non-
destructive technique to estimate the stoichiometric composition of undoped 
lithium niobate crystals. For doped crystal samples, absorption edge is affected by 
the dopant and doping concentration. Post growth annealing conditions also can 
change absorption edge appreciably. Location of OH-1 peaks provides qualitative 
information about stoichiometric composition of doped crystal sample. As the 
stoichiometric composition changes from 48.6 mol% to ~50 mol%, the OH-1 peak 
becomes very sharp and shifts to 3466 cm-1 [37]. One more defect, which is very 
important for the lithium niobate crystal performance is NbLi antisite defect. As 
shown in reference [108], antiste defects create the small peak at 738 cm-1 in the 
CLN Raman spectrum due to ilmenite-like stacking defect. Measurement of this 
peak in highly doped crystal samples can be used as a method to confirm that 
existence of antisite defect with doping concentration. 
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3.2 Absorption spectra 
3.2.1 Absorption edge 
The absorption was measured in terms of transmittance using 
shimazdu UV3101 spectrophotometer with the wavelength accuracy of 0.1 nm 
respectively. All experiments were done with light polarized perpendicular to and 
propagating parallel to z-axis, this makes the whole analysis valid for ordinary 
polarized light. Several crystal samples were prepared in the typical thickness 
range of 0.5 mm to 4mm. The room temperature was controlled at 22 oC. Using 
spectrophotometer the transmittance and reflectance spectra was measured, in 
case of reflectance extra module with a set of mirrors was used first to calibrate 
and later one mirror was replaced with crystal sample for the measurement. 
Extreme care was taken for reflectance measurement so that any error due to 
mirror surfaces can be minimized. Circular slits of diameter 3mm were used first 
to keep area of exposure small and uniform, and second to repeat measurements 
with same sample but from different region. 
After taking care of reflections from two faces of samples, the net 
transmission can be written as [109], 
 








λ α λλ λ α λ
− −⎡ ⎤⎣ ⎦= − −      (3.1) 
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With the assumption that reflectance ( )R λ  from front and back surface 
is same. Above equation can be rewritten for absorption coefficient ( )α λ in terms 
of thickness, reflectance and transmittance as, 
 
( ) ( )( )( ) ( )
( )( )






t T R T R R
λ λα λ λ λ λ λ λ
⎛ ⎞⎛ ⎞− −⎜ ⎟⎜ ⎟= − − + +⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠
  (3.2) 
 
where, ( )λα is the absorption coefficient, t thickness of sample along the 
z – axis, T(λ;t)=It(λ;t)/II(λ) is the transmittance and R(λ)=IR(λ)/II(λ) reflectance from 
the front surface. For the reflection correction we choose the reflection spectra 
corresponding to 4.18 mm sample. As seen from Fig.3.1. the reflection spectra for 
samples thicker than 2mm is almost same which shows that the contribution to 
reflection from back face modifies reflection spectra significantly for thickness less 
than 2 mm.  
On the other hand reflection correction can be performed based on 
sellmeier equation given by Schlarb et. al. [110] and using 
( ) ( )( ) ( )( )22 11 +−= λλλ oo nnR . Fig.3.2. shows the transmission spectrum of two 0.7 
mm thick SLN crystal samples and one CLN (short dash line) crystal sample. One 
sample correspond to the growth from 19 mol% K2O (SLN–19 solid line) flux 
containing melt and other correspond to the growth from 16 mol% K2O (SLN-16 














Fig.3.1. Measured reflection spectra of the crystal samples with different 
thickness. 
 
The blue-shift is clearly observed and the shift is larger for crystal 
samples grown from higher potassium flux containing melt. Even though the shift 
was larger than 14 nm between CLN and SLN-16, but the difference between 
SLN-19 and SLN-16 is only by 1 nm. 
Fig.3.3. shows the transmission spectra of 2 mm thick SLN-16 and CLN crystal 
sample. The band edge due to absorption band between 320 – 360 nm is related 
to trace amount of transition metal like Fe, Mn, Cr and Cu with trap density of 
around 2 – 5 ppm [39]. This absorption band is not seen in congruent crystal 
samples, as the band edge exists at much longer wavelength and also the 



























concentration of intrinsic defects is too high (~ 5 mol%) to detect such low 
extrinsic trap concentrations. 
 
Fig.3.2. Transmission spectra of 0.7 mm thick SLN (19 mol%K2O – solid), (16 
mol%K2O – dash). 
 
According to our optical spectra measurements, the band edge 
corresponding to α = 20 cm-1 lies at λedge = 305 nm for 2 mm thick SLN crystal 
sample and λedge = 320 nm for 2 mm thick CLN crystal sample, which is in 
accordance with the data given in ref. [37]. Our measured absorption edge for 
SLN was slightly shorter than the absorption edge of 305.5 nm reported in ref. 
[37] for the crystal grown from 15.5 mol% K2O-containing stoichiometric melt. 




























































Fig.3.4. Absorption edge of SLN (solid) and CLN (dash). 
 



















































The blue-shift is the direct indicator of decrease in Li – deficiency and 
NbLi – antisite defects [35]. According to ref. [8] for ordinary light the absorption 
edge vs. composition curve is almost vertical in the range 305 – 303 nm that 
makes this sample almost stoichiometric. The composition of can be calculated 
using absorption edge and the equation from reference [125] for ordinary 
polarized light as, 
 
092.450189.01240 +−−= Liedge cλ    (3.3) 
 
Where, Lic  is the Li2O concentration in mol% inside the crystal sample. The 
estimated Li2O concentration based on equation 3.3 is ~49.98 mol%, which is 
very near to the ideal composition of 50 mol%. The stoichiometric composition 
was the same as that reported by Kitamura et al. [38,105] for the DCCZ grown LN 
crystal from the Li rich melt. 
3.2.2 Effect of doping and annealing on absorption edge 
The doping affects the absorption edge by shifting towards IR as shown 
in Fig.3.5 for two doped SLN crystal samples. First crystal sample was 100 ppm 
Fe doped SLN (Fe:SLN) and second crystal sample was 100 ppm Fe and 10 pm 
Tb doped SLN (Fe:Tb:SLN). The absorption edge of as grown Fe:SLN shifted to 
λedge = 375.5 nm and that of Fe:TB:SLN-1 shifted to λedge = 378.5 nm. The 
absorption edge of doped crystal samples can be further modified by oxidation or 
reduction treatment (Table 3.1). The location of absorption edge is extremely 
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sensitive to Li+ ions concentration and all transition metal and rare earth elements 
locate themselves at Li – site [126]. Thus, even small doping concentration like 10 
– 100 ppm can tremendously shift the absorption edge that makes this method 
unsuitable for confirming stoichiometry or near – stoichiometry of doped crystal 














Fig.3.5. Absorption edge of doped SLN crystals. 
 
As the doping concentration increases, the absorption edge further 
shifts towards red.  
3.2.3 Effect of doping and annealing on Optical Spectra 
Doping of lithium niobate crystals with transition-metal or rare-earth 
elements make them lie in forbidden band gap and act as donor or trap centers 
for photo-excited electrons. These kind of centers when absorb photons in 
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specific range light wavelength creates absorption band in the optical spectra that 
helps in identifying their location in band gap. Even undoped crystal samples with 
stoichiometric composition also have trace amount of transition metal (Fe, Mn, Cr 
etc) and rare earth (Ce, Pr etc) elements. The absorption band between 320 – 
360 nm in Fig.3.3 observed for SLN transmission spectra curve is due to these 
trace amount (~2ppm) of elements. The Fe doping creates a broad absorption 
band centered around 488 nm as shown in Fig.3.6 for Fe (600 ppm): CLN and Fe 
(100 ppm): SLN. The peak strength is higher for doped CLN as it has higher 
doping concentration. 





















Except from Fe absorption band, another weak broad (900 -1500 nm) absorption 
band appear and peak at ~1175 nm is due to shallow polaron [67,68] Nb4+(Nb5+) 
ions that can donate(accept) one electron depending upon the oxidation reduction 
state of the crystal sample. The absorption band due to doubly doping with 
transition metal Fe and rare-earth element Tb is similar to Fe doped crystal 
sample as Tb trap do not contribute to photo-absorption but helps in creation of 
deep UV center near the absorption edge, which is either due to O2- trap center or 












Fig.3.7. Absorption spectra of Fe:Tb(100:10 ppm):SLN and 
Fe:Tb(100:140ppm):SLN crystal sample. 
 
The optical spectra of triply doped (two transition metal elements 100 ppm Fe and 
10 ppm Mn) and one rare-earth element (140 ppm Tb) is shown in Fig.3.8. The 
as-grown crystal sample was first reduced in Ar environment at 950 oC for 6 








 Fe:Tb:SLN-1 (10 ppm Tb)







hours. The spectrum of reduced sample is shown as dashed curve. The same 
sample was then oxidized in O2 at 950 oC for 6 hours. The measured optical 
spectrum is shown as solid curve. The effect of Mn doping is first Fe peak almost 
mix with the absorption edge and second a new peak appear at 580 nm. Both 
effects are due to Mn doping. Mn is a deep trap and the absorption band appear 
between 300 – 500 nm and the peak that appear at 590 nm is due to crystal field 












Fig.3.8. Absorption spectra of Oxidized and reduced Fe:Mn:Tb(100:10:140 
ppm):SLN crystal sample. 
 
The band at 590 nm increases in strength in Oxidized higher Mn doped crystal 
sample (Fe:Mn:Tb:SLN-2) as shown in Fig.3.8 and may be responsible for slightly 
dark color of highly oxidized crystal sample. The inset in Fig.3.8 shows the effect 
of reduction oxidation on the shallow polaron absorption band. The absorption 















edge is also shifted by ~10 nm to 395 nm compared to 10 ppm doped SLN 
(Fe:Mn:Tb:SLN-1) crystal sample. The shallow polaron strength increases with 
reduction, makes the crystal sensitive in IR wavelength range and creates right 











Fig.3.9. Absorption spectra of Oxidized and reduced Fe:Mn:Tb(750:100:140 
ppm):SLN crystal sample. 
 
3.3 OH-1 spectra 
3.3.1 Stoichiometric composition 
The IR absorption spectra of Z – cut SLN and CLN crystal sample are shown in 
Fig. 3.10. The structure and location of OH-1 peak is strongly related to non-
stoichiometric defects of lithium deficiency and NbLi antisite. For CLN crystal 
sample, the IR spectra was very broad, unstructured and peak was located at 





























3482 cm-1 with half-width of 30 cm-1. The sharp and structured OH-1 peak for SLN 
was shifted to 3466 cm-1 with half-width of 5 cm-1. For the SLN crystal, two more 
satellite peaks appear at longer wavenumber, one at 3480 cm-1 and the other at 
3489 cm-1. The ratio of the main peak to the first satellite peak is found to be ~5 
and to the second peak ~14. The presence of three peaks in absorption bands is 
due to the existence of three different O – O bond distances in the plane 
perpendicular to crystallographic Z – axis and broad IR spectra of CLN crystal 
constitutes all three peaks [KK Wong 202]. 
 
Fig.3.10.OH-1 spectra of SLN (solid) and CLN (dash) crystals. 
 
3.3.2 Effect of doping 
The effect of doping on OH-1 peak is found only in terms of peak 
strength as peaks corresponding to Z – cut crystal samples  Fe:SLN and 





















Fe:Tb:SLN-1 (Fig.3.11) appear at the wave number of 3466cm-1, which is located 
exactly same as the undoped SLN crystal sample. Therefore, the location of OH-1 
peak is independent of dopant and doping concentration that makes IR absorption 
spectra as useful tool to qualitative estimation of stoichiometric composition of 
doped lithium niobate crystals. The OH-1 peak half-width of doped crystal samples 
also remain around 5 cm-1, but the strength of the peak is reduced by more than 
one order and structure distorted.  
 
Fig.3.11.OH-1 spectra of Fe:SLN (solid) and Fe:Tb:SLN (dash) crystals. 
 
The location of OH-1 peak for triply doped oxidized SLN crystal samples is shown 
in Fig.3.12. The IR spectrum was measured using shimazdu spectrophotometer; 
therefore the line width of OH-1 peak is higher compared to curves in Fig.3.11, 
which was measured using FTIR spectrophotometer. The location of OH-1 peak 
for both low doped (Fe:Mn:Tb:SLN-1) and highly doped (Fe:Mn:Tb:SLN-2) exist at 





















3466 cm-1. This implies that even highly doped SLN crystal samples also preserve 















Fig.3.12.OH-1 spectra of Fe:Mn:Tb:SLN-1 (solid) and Fe:Mn:Tb:SLN-2 (dash) 
crystals. 
 
3.4 Raman spectra 
3.4.1 Theory 
Raman Spectra measurement is extremely useful tool to study the 
lattice structure of crystals. Lithium niobate belongs to space group R3c and has 
point group symmetry 3m. In the ferroelectric phase, lithium niobate has two 
chemical formulas i.e., ten atoms in a unit cell. This implies 30 degrees of freedom 
in all. The corresponding Raman tensor is given by 



























The vibrational symmetry of the optical modes at Γ point of a reciprocal 
lattice is given by  
 
21 594 AEA ++  
 
where 1A  and E  modes are polar phonons and both Raman and infrared active, 
but 2A  modes are nonpolar Raman and infrared-inactive phonons.  
3.4.2 Effect of stoichiometry 
The measured Raman spectra of Z – cut SLN and CLN crystals in back scattering 
geometry are shown in Fig.3.13 and for X - cut samples in Fig.3.14. 11 out of all 
13 [9E (TO) + 4A1 (LO)] vibration modes can be seen. For SLN, all peaks have 
sharper line width and few close spaced peaks are resolved.  
The measured half widths of E (TO) ~ 152 cm-1 Fig.3.15. and A1(LO) ~ 875 cm-1 
Fig.3.16 are also given in Table 3.1. The line width is relatively reduced for SLN 
crystals sample compared to CLN crystal sample. The Raman spectra of doped 

































































































Fig.3.14. Raman spectra of X – Cut SLN (solid) and CLN (dash) crystals. 



























































Fig.3.16. A1 (LO) – 875 cm-1 of SLN (solid) and CLN (dash) crystals. 




























Table 3.1. Comparison of fundamental absorption edge and Raman mode line-
width of CLN, SLN and doped SLN crystals. Also shown the effect of doping and 
annealing conditions on absorption edge. 











305 nm 375.5 nm 378.5 nm 379 
λedge(Oxidised-
nm) 
- - 374 nm 377 nm 378.5  
λedge (Reduced-
nm) 
320 nm 307.5 
nm 
381.5 nm 381.5 nm 382  
E – 152 cm-1 10 cm-1 7 cm-1 - - - 
A1 – 875 cm-1 28 cm-1 19 cm-1 - - - 
 
The small peak at 738 cm-1 in the CLN Raman spectrum is also 
observed as shown in Fig.3.17 and ascribed to ilmenite-like stacking defect due to 
the NbLi antisite defect density [108]. With the increase of the Li2O content of the 
crystal, this peak disappears completely in the SLN Raman spectrum. Two more 
resolved peaks at 660 cm-1 and 692 cm-1 that appears both in CLN as well as in 
SLN may be due to other defects like presence of trace amount of extrinsic 
dopants. Fig.3.18 shows the Raman spectrum of Z – cut Fe:Mn:Tb:SLN-2 (750 
ppm of Fe, 100 ppm of Mn and 140 ppm of Tb) crystal sample. The peak at 738 

















Fig.3.17. Ilmenite like stacking defect creates line at 740 cm-1 in CLN (dash) 











Fig.3.18. Ilmenite like stacking defect creates line at 740 cm-1 in also disappears 
in Fe:Mn:Tb:SLN-2 crystal sample. 




























In this chapter, we first investigate the stoichiometric composition using first 
absorption edge measurement method for Z – cut undoped SLN crystals. The 
absorption edge of stoichiometric crystals is shifted towards shorter wavelength 
by 15 nm to 305 nm as compared to absorption edge of CLN that exists at 320 
nm. The absorption edge of Z – cut doped crystals always shifts towards longer 
wavelength ~370 – 380 nm. The location of absorption edge for doped crystals 
also depends on doping concentration, oxidation and reduction state. The FTIR 
spectrum was used to check the stoichiometry of doped crystals. The OH-1 peak 
for undoped SLN crystals shifts to 3466 cm-1. This peak is much sharper 
compared to CLN crystal, which is broad and centered at 3481 cm-1. For the as-
grown doped SLN crystals, the FTIR spectra also exists at 3466 cm-1 but the peak 
strength was much reduced due to high reduction state of these crystals. The 
Raman spectra of SLN crystals had sharper lines for z (xx) z configuration and the 
peak at 738 cm-1 was suppressed that indicates the reduction in antisite (NbLi) 
intrinsic defect density. The peak strength of Raman spectra is also affected by 
oxidation and reduction state of crystals. The weak shallow polaron (NbNb4+) and 
deep (400 nm) absorption band appears in undoped SLN crystals, but absorption 
band does not appear around 800 nm that exists in CLN crystals. Doped SLN 








4. Beam Fanning 
4.1 Introduction 
Lithium niobate (LiNbO3) is the most promising photorefractive crystal for 
rewritable holographic data storage. The photorefraction in LiNbO3 can be much 
enhanced by doping transition-metal or rare-earth irons such as Fe and Ce. One 
of the remaining key issues is its relatively low sensitivity that limits data write 
rates. On the other hand, light-induced scattering/beam-fanning and optical-
damage effects of the doped LiNbO3 crystals prevent people from using high write 
laser intensity to increase the write rate. Fe:LiNbO3 has high diffraction efficiency 
but the beam-fanning and optical-damage effects have severely limited its 
applications at high laser intensities, which induce birefringence changes and 
deform the laser beams. 
       Optical-damage-resistant impurities (ODRI) such as Mg2+, Zn2+, In3+, and 
Sc3+ have been identified to reduce these effects. The optical-damage effects can 
be greatly reduced when the ODRI concentrations exceed the “thresholds” (5.5 
mol% MgO, 7.5 mol% ZnO, about 1-1.5 mol% In2O3 or Sc2O3 in the melt). On the 
other hand, the damage-resistant impurities strongly suppress the photorefraction 
of the crystal, which is not favorable for holographic storage. Therefore, there is a 
trade-off in optimizing Fe:LiNbO3 for high resistance to the beam-fanning and 
optical-damage effects by doping damage-resistant impurities. The existing 
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damage-resistant impurities (Mg, Zn, In and Sc) also have a disadvantage in 
growing high-quality crystals because of their high doping concentrations. 
Undoped and doped stoichiometric lithium niobate (SLN) crystals have 
improved electro-optic and photorefractive properties for applications like 
holographic storage [45,112]. With heavily reduced intrinsic defects [52], 
photorefractive properties of SLN can be efficiently controlled and enhanced by 
doping with transition metal and rare earth elements, which is highly desirable for 
practical applications. 
     Temporal evolutions of beam fanning under different incident light densities 
and doping levels have been investigated in Y-cut LiNbO3:Fe, In crystals with a 
coherent extraordinary polarized 532-nm laser beam propagating perpendicular to 
the c axis of the crystals [84]. Non-reciprocal transfer of energy for Z-cut crystals 
has also been studied and reported [113,114]. Mainly two kinds of sources are 
responsible for deterministic or random beam fanning and they are related to 
refractive index modulations at beam diameter scale and at much smaller scale (~ 
wavelength level) [115]. The beam diameter is crucial for speckle observation in 
fanning pattern and can be used as an indicator for the level of defect densities in 
crystals [116]. 
4.2 Backward Beam Fanning – Two-wave mixing 
4.2.1 Theory – (dynamic & steady state) 
Two-wave mixing [20] can be used to explain the results of backward 
(longitudinal) beam fanning in counter-propagating geometry for Z – cut crystal 
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samples and in co-propagating for X – cut crystal samples. The experimental 
setup for beam fanning measurements is shown in Fig.4.1.  The diameter of 
apertures A1 and A2 was fixed to be 2 mm and the 532-nm laser beam with 
TEMoo Gaussian mode was focused into the crystal using a lens L with a focal 
length of 250 mm. The focused beam spot diameter d was calculated 
using Dfd πλ2= , where D is the beam diameter, f the focal length of lens L, 
λ the wavelength of the laser beam. The polarization direction of the laser light 
was always along the plane of paper as indicated in Fig.4.1. Therefore the light 
was o-polarized for Z-cut sample (Fig.4.1a) and e-polarized for X-cut sample 
(Fig.4.1b), but the sample was tilted to avoid multiple internal reflections from 
propagating along the same path such that the angle 2θ between the incident light 
and the light reflected from the back face of the crystal sample was fixed to be 
around 3o. The neutral density filter (ND) was used to control the incident light 
power density. Aperture A1 and A2 allows the undistorted light beam to pass 
through when no crystal sample is present. 







Fig.4.1. Experimental setup: L – lens, A1, A2 – aperture, PM – power meter. 
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In case of Z – cut crystal samples (Fig.4.1a), the incident pump beam Ip 
(z, t) and the beam Is(z, t) reflected from the back face of the crystal interfere to 
form a reflection grating which couples both beams and results in the energy 
transfer between Ip(z,t) and Is(z,t), depending on the orientation of c - axis relative 
to the incident pump beam.  
We may write the light intensity inside the crystal as, 
 
( ) ( )( )2 12, 1 expp so
p s
I I
I z t I i Kz
I I
⎛ ⎞⎜ ⎟= + − +Ψ −Ψ⎜ ⎟+⎝ ⎠
,   (4.1) 
 
where z is spatial coordinate, t is time, ψ1 and ψ2 are phases of pump and 
scattered beams respectively, K is grating strength and Io = Ip + Is. Kukhtarev 
equations [18] that give the effect of light (1) on material, are 
 
( )−−− −+−= FeFeFe NNnqsINdtdN Fe γ       (4.2) 
1 FedNdn dj
dt e dz dt
−




−++= κµµ       (4.4) 
( )AFescs NnNedzdE −+= −ε        (4.5) 
where, AFeFe NnNN ,,,
−  are the densities of total and electron filled Fe centers, 
electron and acceptors respectively, γ,qs are the photoexcitation constant and 
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recombination constant, j current density, µ  mobility, TkB , are Boltzman’s 
constant and temperature, κ photovoltaic constant and sε is the static permittivity. 
Under the assumption of small modulation depth, Kukhtarev’s equations (4.1 – 
4.5) can be broken down into zero ( )oX  and first ( )1X  order Fourier components 
in ( )1 expoX X X iKz= + − , here X corresponds to , , ,Fe e scN n j E− . Replacing 
d iK
dz
→−  and after few steps, the final set of equations can be written as 
 
( )Feo o Feo eo Fe FeodN SI N n N Ndt γ
−




= − ,        (4.7) 
1 1 1eo sc B e o Fe o Feoj e n E iKk T n I N mI Nµ µ κ κ− −= − + + ,   (4.8) 
( ) ( )1 0 1 1Fe eo Fe o Feo e Fe FeodN SI n N SmI N n N Ndt γ γ
−
− − −= − + − + − ,  (4.9) 
1 1
1
e Fedn dNiK j
dt e dt
−




dt ε= − ,        (4.11) 





ϕ= + ,       (4.12) 
where, , , ,Fe Fe e AN N n N
−  are densities of total and electron-filled Fe 
centers, electrons and acceptors respectively, ,S γ are photoexcitation and 
recombination constants, j current density, µ  mobility, TkB , are Boltzman’s 
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constant and temperature, κ photovoltaic constant, sε  static permittivity, m  
modulation and ϕ  is the relative phase between ( ),I z t  and ( ),scE z t . The space 
charge field Esc modifies the refractive index via electro-optic effect that couples 
the pump and reflected beams. The coupled beam equations can be written as10 
 
( )sinp p p sdI I I Idz α ϕ′= − −Γ Ψ − ,     (4.13) 
( )sins p p sdI I I Idz α ϕ′= −Γ Ψ − ,      (4.14) 










o eff scn r Eπ
λ θΓ = ,        (4.16) 
where, ( )cos
αα θ′ = ,θ  is the angle between the pump beam and c axis, 
2 1Ψ = Ψ −Ψ , Γ  is coupling coefficient, on is refractive index, 13effr r≈ ±  is the 
effective electro-optic coefficient ( 13effr r≈ +  for kp||c+ and 13effr r≈ −  for kp||c-). The 
direction of energy transfer from Ip to Ir or Ir to Ip is decided by the propagation 
direction of Ip relative to the polar axis (c+ or c-) of the crystal.113 The sign of 
effective electro-optic coefficient ( 13effr r≈ +  for kp||c+ and 13effr r≈ −  for kp||c-) 
affects the sign of coupling coefficient Γ as can be seen from Eq. (12) and this will 
finally affect the direction of energy transfer based on Eqs. (9)-(11). The change in 
sign of phase term ( ϕ−Ψ ) depends on the type of carrier (electron or hole) that is 
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involved in photorefractive process. In the case of lithium niobate crystal it is 
always electron that transports to form the refractive index grating via electro-optic 
effect. Therefore, the shift of grating relative to the light interference pattern is 
always in one direction, which keeps the sign of phase term fixed during the 
whole TWM process. 
 The boundary conditions for simulation are 
( ) ( ) ( )0, 1 0p pI t R I= − ,       (4.17) 
( ) ( ), ,s pI L t RI L t= ,        (4.18) 
where ( ) ( )( )21 1o oR n n= − +  is the reflectance of the crystal. After every 
step of v t∆ , where v  is the number of steps, the transmitted beam power density 
is estimated as ( ) ( ) ( ), 1 ,t pI L v t R I L v t∆ = − ∆ . For the numerical solution, we 
iteratively solve Eqs. (4.6)-(4.12) to estimate ( )scE t  and substitute it in Eqs. 
(4.13)-(4.16) to estimate the equivalent modulation constant12 ( ) ( )
0
L
m L m z dz L= ∫  
, which is then substituted back in Eqs. (4.6)-( 4.12) and the whole process is 
repeated until 3600secv t∆ = . Simulations are performed for the incident pump 
beam power densities corresponding to that of experiments performed with 
various crystal samples together with other parameters set as 24 32.5 10FeN m
−= × , 
5 27.4 10 m Vsµ −= × , 14 31.65 10 m sγ −= × , 5 21 10S m J−= × , 33 33.5 10 m Vκ −= − × , 
12
13 10.9 10r m V
−= ± × , 1228 8.85 10s As Vmε −= × × , 2.286on = , 60.532 10 mλ −= × , 
32.78 10L m−= × , 300T K= . 
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4.2.2 Experiments and results – Z- Cut Fe:SLN 
The as grown Fe:SLN crystal sample was reduced to increase Fe2+ 
concentration. The peak corresponding to Fe2+ appears at 482 nm and the 
absorption coefficient at 532 nm is found to be α = 4.5 cm-1 after reduction. 
Lithium niobate is a polar crystal and has a polar axis along the Z axis of the 
crystal.  For a single domain Lithium Niobate crystal, all dipoles are aligned along 
the Z axis.  The sign convention used is as follows, the Z- face of the crystal 
corresponds to a negative dipole end and the Z+ face corresponds to a positive 
dipole end of the crystal. The c-(c+)axis correspond to axis starts from Z-(Z+) face 





Fig.4.2. Orientation of polar axis (c+,c-) of LN crystal. 
 
The temporal evolution of transmitted light intensity It(t) through the Z-
cut Fe:SLN crystal sample are shown in Fig.4.3 for the light incident along c+ axis 
(kp||c+) and c- axis (kp||c-), where kp is the propagation wave vector of the incident 
pump beam. All curves are normalized by It (t=0) at time t = 0 sec, i.e. before any 




















Fig.4.3. Temporal evolution of the transmitted light intensity for the light incident 
along c+ and c- axes of Z-cut Fe:SLN. 
 
Three curves for kp||c+ are shown in Fig.4.3, corresponding to the 
incident pump beam power density Ip = 36 mW/cm2, 1.066 W/cm2 and 12.858 
W/cm2, respectively. We can see that the transmitted intensity decreases with 
time very slowly at Ip = 36 mW/cm2, and steeply at high incident power densities 
until reach saturation. Three curves for kp||c- also shown in Fig.4.3 correspond to 
Ip = 14 mW/cm2, 3.552 W/cm2 and 71.041 W/cm2, respectively. In this case, the 
transmitted intensity almost remain unchanged at Ip = 14 mW/cm2. However, at 
high incident power densities of 3.552 W/cm2, it slowly increases at the beginning 
and then saturates, but at the pump beam density of 71.041 W/cm2 it increases 
slightly at the beginning and then remains constant. Fig.4.4. shows the plot of 
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beam-fanning factor (BFF), defined as BFF = |It=0 – Imin/max|/Ii, where It=0 is the 
transmitted light intensity at t = 0 sec, Imin/max is the minimum transmitted intensity 
due to the beam fanning for kp||c+, or maximum transmitted intensity for kp||c-, Ii is 
the incident light intensity.  
For kp||c+, the threshold value of Ip for the beginning of beam fanning is about 
~36mW/cm2 (Fig.4.3) and the beam fanning saturates for Ip > 2W/cm2 (Fig.4.4). 
For kp||c-, even though BFF remains by an order smaller compared to kp||c+ , but 
the threshold and saturation value remains same as kp||c+. 
The results measured under the same conditions for Z-cut Fe:CLN 












Fig.4.4. Plot of the beam-fanning factor (BFF) with the incident power density Ip 










































Fig.4.5. Temporal evolution of the transmitted light intensity for the light incident 













Fig.4.6. Beam-fanning factor BFF with the incident power density Ip for the light 
incident along the c+ and c- axes of Z-cut Fe:CLN. 
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First, for kp||c+, the temporal evolution behavior is similar to that of 
Fe:SLN but the saturation value is smaller by a factor of 2 for Ip = 12.858 W/cm2. 
The threshold value of Ip for beam fanning is estimated to be ~ 71 mW/cm2 and 
the beam-fanning saturates for Ip > 3.6 W/cm2. For kp||c-, the temporal evolution 
behavior of Fe:CLN is different from that of Fe:SLN. For Ip < 3.552 W/cm2, the 
transmitted intensity initially decreases and then increases but at the end of 1 hr it 
stays below It=0. However, for Ip = 3.552 W/cm2, the final transmitted intensity 
reaches a value higher than It=0, while for Ip = 71 W/cm2, no decrease or minimum 
is observed Fig.4.5. 
The transmitted beam spots are shown in Fig.4.7 for the incident pump 
beam propagating along c+ axis (a-Fe:SLN, c-Fe:CLN), c- axis (b-Fe:SLN, d-
Fe:CLN).  
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Fig. 4.7. Transmitted beam spots: (a) k||c+, Fe:SLN; (b) k||c-, Fe:SLN; (c) k||c+, 
Fe:CLN; (d) k||c-, Fe:CLN 
 
The spots corresponding to Figs.4.7a and Fig.4.7b remain bright and 
undistorted even after 1 hr of exposure at Ip = 12.858 W/cm2. As compared with 
Figs.4.7a,b, the spot in Fig.4.7c (Ip = 12.858 W/cm2) is highly distorted and strong 
random fanning develops around the transmitted spot. For the spot in Fig.4.7d (Ip 
= 12.858 W/cm2), which is taken at the minimum similar to that observed in 
Fig.4.5 for Ip = 3.552 W/cm2, also shows the development of weak random 
fanning that disappears after 1 hr exposure. Fig.4.8a,b shows the backward 
scattering pattern for Fe:SLN and Fe:CLN. For Fe:SLN the back scattered light 
spatially confined in small region (shown by arrow) but the back scattered light 
was randomly distributed for Fe:CLN. The backward scattering pattern for Fe:CLN 















Fig.4.8. (a). Backward scattered light for kp||c+ , Fe:SLN and (b) for kp||c+, 
Fe:CLN.  
The simulation results based on section 4.2.1 are shown in Fig.4.9. For  
kp||c+, Γ is positive, therefore energy transfers from Ip to Ir, and It(t) decreases with 
time. But for kp||c-, Γ is negative, therefore energy transfers from Ir to Ip, and It(t) 
increases with time, which results in I(t)/I(0) > 1. The increase in It(t) is small 
because Ir (= RIp) << Ip and  therefore only small amount of energy is transferred. 
The results are quantitatively in agreement with the experimental results of 
Fe:SLN (Fig.4.3) and also match qualitatively with the results of Fe:CLN (Fig.4.5) 
for kp||c+. However, for kp||c- the initial decrease and then increase before 
saturation for Z-cut Fe:CLN at Ip = 3.552 W/cm2 in Fig. 5 cannot be explained on 
the basis of the theoretical model presented above. This behavior can be 
explained on the basis of Fig.4.7. For the light propagating along and polarized 
perpendicular to the c axis, Figs.4.7a, b, c and e suggest that the beam fanning 
occurs in both longitudinal and transverse directions depending on the Fe or 
a b 
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Fig.4.9. Simulation results of the temporal evolution of the transmitted light 
intensity for the light incident along c+ and c- axes of Z-cut Fe:SLN. 
 
As pointed out in Ref. [117], random fanning is caused by small-scale 
(about wavelength level) fluctuations in photoelectric parameters of the crystal. 
CLN crystals have more than 1 mol% NbLi antisite defects that can cause the 
development of large density of small-scale random spatial fluctuations in 
photoelectric parameters. Since there is very low intrinsic defect density in 
Fe:SLN,  the transverse dimensions of the transmitted laser beam spot remains 
unaffected even though the transmitted beam losses power with time due to 
coupling effect (Fig.4.7a). In the case of Fig.4.7b, the transmitted power always 
gets slightly enhanced in accordance with the theoretical model.  
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On the contrary, in Fig.4.7c the illuminated spot corresponding to 
Fe:CLN has relatively much higher density of defects, which scatter the light 
randomly in all directions. All the scattered light components add up and form the 
complex interference pattern, which modifies and distorts the transverse beam 
profile of the transmitted laser beam spot. In the case of Fig.4.7d, backward 
fanning is not allowed, but the light scattered in forward direction couples and 
transfers some light energy that creates weak transverse fanning. This weak 
transverse fanning disappears after sufficiently long exposure time due to the 
reduction of inhomogeneous fanning and only homogeneous fanning retains. 
Further the reason for no dip in Fig.4.5. at Ip = 71.041 W/cm2 is due to the fact that 
at such high incident power density inhomogeneous fanning appear and 
disappear in very short time [116]. 
4.2.3 Experiments and results – Z- Cut Fe:Tb:SLN 
Two crystal sample Fe:Tb:SLN-1 (10 ppm Tb) and Fe:Tb:SLN-2 (140 
ppm Tb). Both samples had Fe doping concentration of 100 ppm and reduced in 
Ar environment at 950 oC for 6 hours to make them in same condition as Fe:SLN 
and Fe:CLN crystal sample. The temporal evolution of transmitted light intensity at 
the incident power density of IP = 3.6 W/cm2 is shown in Fig.4.10 and Fig.4.11 for 
























Fig.4.10. Temporal evolution of the transmitted light intensity incident along c- – 












Fig.4.11. Temporal evolution of the transmitted light intensity incident along c+ – 
axis at IP = 3.6 W/cm2. 
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It can be seen that for incident beam along c- – axis only Fe:CLN has 
shown some fanning within the first 40 minutes, and then the fanning is much 
reduced. However, the c- – axis of Fe:SLN, Fe:Tb:SLN-1 and Fe:Tb:SLN-2 have 
shown weak forward fanning effect and the transmitted light intensities slightly 
increase at the very beginning and then keep almost constant (Fig.4.10). In 
contrast, all the c+ – axis of the Z – cut samples have shown backward fanning. 
Both Fe:CLN and Fe:SLN exhibit the strongest backward fanning and the 
transmitted light intensity decreases almost to zero after 10-25 minutes (Fig.4.11). 
The transmitted light intensity of Fe:SLN decreases faster than that of Fe:CLN. 
However, the backward fanning of both the Fe:Tb:SLN-1 and Fe:Tb:SLN-2 
samples have been much reduced by the addition of Tb into the crystal. More 
than 50% of the transmitted light intensity was remained and the transmitted laser 
beam could maintain a bright beam spot at the center with a good beam shape. 
The effects of Tb doping on the beam fanning and optical damage of Z 
– cut crystal samples are shown in Fig.4.12. We can see that along c- – axis the 
fanning effects are very weak and only Fe:CLN shows slightly stronger fanning. 
However, for the c+ – axis, the light-induced fanning appears due to the backward 
fanning effect (Fig.4.13). Fe:CLN has the highest scattering ratio while Fe:SLN 
has less. The scattering ratio has been much reduced by doping Tb. The c+ – axis 
of the Z-cut Fe:Tb:SLN crystal samples show similar behavior and also have a 
very low scattering ratio at high incident light densities. Along the c – axis, i.e. Z 
axis, all the Z-cut Fe:SLN and Fe:Tb:SLN crystal samples do not show random 




Fig.4.12. Beam-fanning factor BFF with the incident power density Ip for the light 
incident along the c- axes of Z-cut crystal samples. 
Fig.4.13. Beam-fanning factor BFF with the incident power density Ip for the light 
incident along the c+ axes of Z-cut crystal samples. 
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Table 3 lists the measured transmitted light intensities of different Z-cut crystal 
samples at the incident power density of 72 W/cm2 and 30 kW/cm2 respectively. It 
can be seen that for the incident light beam along c+ – axis of Fe:CLN can not 
maintain transmitted laser intensity due to its strong backward fanning.  
 
Table4.2 Transmitted light intensity of different Z-cut crystal samples at different 
incident laser power density 
Incident intensity: 414 mW 
Power density: 30 kW/cm2 
Crystal Sample Incident intensity: 1 mW; 
Power density: 72 W/cm2 
+Z face 
c+ – axis c+ – axis 
Fe:CLN 5 µW 2 mW 128 mW  
Fe:SLN 40 µW 68 mW  115 mW 
Fe:Tb:SLN-1 150 µW 85 mW 122 mW 
Fe:Tb:SLN-2 110 µW 75 mW 114 mW 
 
Fig4.14 shows the transmitted spot images of the laser beam at power 
density of 72 W/cm2 for +Z faces of the Z-cut crystal samples. It can be seen that 
the transmitted laser beam of Fe:SLN (Fig.4.14b) is better than that of Fe:CLN 
(Fig. 4.14a) and has higher transmitted light intensity (Table4.2). The transmitted 
beam intensity and beam shape of Fe:Tb:SLN-1 and Fe:Tb:SLN-2 have been 
further improved by adding a small amount of Tb (Table4.2 and Figs.4.14c and 
4.14d). 
Fig.4.15 shows the beam fanning factor for c- – axis of the Z-cut Fe:Tb:SLN 
crystal samples at extremely high incident light densities. The damage-free 
images of the transmitted laser beam spots at incident power density as high as 
152 kW/cm2 are shown in Fig.4.16 for the Z-cut Fe:SLN, Fe:Tb:SLN-1 and 
Fe:Tb:SLN-2 crystal samples. It can be seen that both –Z and +Z faces of these 
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samples can maintain a bright beam spot with a good beam shape at the center 
of the images. However, the c+ – axis of Fe:CLN is damaged due to its strong 
random backward fanning (Fig.4.16b). 
 
 
Fig.4.14. Transmitted spot images of the laser beam at power density of 72 
W/cm2 for +Z faces of the Z-cut crystal samples: (a) Fe:CLN; (b) Fe:SLN; (c) 


















Fig.4.15. Scattering ratio of –Z face of the Z-cut Fe:Tb:SLN crystal samples at 
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Fig. 4.16. Transmitted spot images of the laser beam at incident power density of 
152 kW/cm2 for the Z-cut crystal samples: (a) –Z, Fe:CLN; (b) +Z, Fe:CLN; (c) –Z, 
Fe:SLN; (d) +Z, Fe:SLN; (e) –Z, Fe:Tb:SLN-1; (f) +Z, Fe:Tb:SLN-1; (g) –Z, 
Fe:Tb:SLN-2; (h) +Z, Fe:Tb:SLN-2. 
 
The transmitted beam spot for Fe:CLN shown in Fig.4.16 (b) was similar to the 
one reported in refs. [113,114] where the incident beam power density of 87 
kW/cm2 was used. High intrinsic defect density in CLN generated temporal 
fluctuations in the space-charge field and resulted in the appearance of dynamic 
speckles in the transmitted spot. Even though we used almost two times higher 
incident power density, no speckles were observed in the transmitted beam spot 




4.3 Transverse Beam Fanning 
4.3.1 Theory – (steady state) 
There is always significant amount of scattering whenever laser beam 
passes through the crystal. The beam fanning mainly appears due to energy 
coupling between the incident beam and the scattered beam. In case of low 
scattering inside the crystal, the far-filed diffraction pattern is well structured and 
this type fanning is deterministic i.e. deterministic beam fanning (DBF) [115]. But 
for high level of scattering the far-field diffraction pattern is full of speckles and 
unstructured and this type of beam fanning is random i.e. random beam fanning 
(RBF). The beam fanning is pattern is strongly related to the defects (intrinsic and 
extrinsic) inside the crystal. With the increase in defect density the tendency 
towards RBF increases. 
Lithium niobate crystals show photorefractive properties dominated by 
photovoltaic effect [Glass] together with diffusion and thermal effect. In the 
ferroelectric phase LiNbO3 has trigonal symmetry that belongs to point group 3m. 
The corresponding third rank current density tensor ∑=
ijk
kjijkl Ij εεβ  has four non-
vanishing independent components, 
 
























 is the current density, 15223331 ,,, ββββ  are photovoltaic constants, zyx ,,ε  
polarization direction and zyx  ,,  are incident laser beam direction. 
When the laser beam propagates along X, Y – axis and polarized along 
Z – axis as in Fig.4.1b, the photovoltaic current density along Z – axis (optic axis) 
is usually higher by an order of magnitude i.e. 10~, 152233,31 ββββ . Therefore the 
photo-induced space-charge field due to photovoltaic current density zj  
is σβσ IjE zzph 31, == , where σ  is the sum of dark conductivity and 
photoconductivity. Now, the photo-induced field will modify the refractive index 
( )n∆  of media via electro-optic effect as (photovoltaic effect only) and the change 
in refractive index can be written as, 
 











+−=−=∆    (4.20) 
 
where, 33r  is the electro-optic coefficient for light beam polarized along optic axis. 
Therefore, the transverse dimensions of X – propagating laser beam will be 
affected along Z – axis. 
 
4.3.2 Experiments and results – X- Cut Fe:SLN 
The experimental setup for beam fanning measurement is same as 
explained in Fig.4.1. The incident beam was along the X – axis and polarized 
along Z - axis (e-polarized). The results obtained with the 2 mm thick X-cut 
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Fe:SLN crystal sample are shown in Fig.4.10 and for 2 mm thick X – cut Fe:CLN 
are shown in Fig.4.11. The comparison between X-cut Fe:SLN and Fe:CLN 
crystal samples is shown in Fig.4.12.  
 
The beam-fanning threshold for X-cut Fe:SLN is found to be less than 2 
mW/cm2 and the saturation is reached at 0.2 W/cm2 (Fig.4.12a). However, for X-
cut Fe:CLN the threshold exists at 2 mW/cm2 and the saturation is reached faster 
at 0.144 W/cm2 (Fig.4.12b). The fanning in X-cut Fe:CLN is much stronger as the 















Fig.4.17. Temporal evolution of the transmitted light intensity for the e-polarized 
light incident along the X – axis of Fe:SLN. 



































Fig.4.18. Temporal evolution of the transmitted light intensity for the e-polarized 












Fig. 4.19. Plot of the beam-fanning factor BFF with the incident power density Ip 
for the light incident along the X - axis of (a) Fe:SLN and (b) Fe:CLN. 
 















































The spots in Figs.4.13a and 4.13b correspond to Ip = 1W/cm2 and Ip = 
2 W/cm2, respectively. Both spots are captured after 1 hr exposure time. The 
beam fanning along the optic axis is observed for both X-cut Fe:SLN (Fig.4.13a) 
and Fe:CLN (Fig.4.13b). In Fig.4.13a, the fringe structure is observed with more 
power at the center of the spot but in Fig.4.13b the fanning along c – axis is highly 
stretched and full of speckles. For the beam propagating perpendicular to and 
polarized along the c – axis, due to negative lensing effect (eqn.4.20), the beam 
after the crystal sample will spread along the c – axis [115], which explains the 
results of Figs.4.13a and 4.13b. From Fig.4.10 for Fe:SLN crystal sample at the 
high incident power density of 1 W/cm2 the transmitted intensity initially decrease 








Fig.4.20. Transmitted beam spots at t=1hr: (a) k||X, Fe:SLN; (b) k||X, Fe:CLN. 
 
This behavior is not observed for Fe:CLN crystal sample, where the 
transmitted intensity monotonically decreased and finally saturated after reaching 
minima. The transmitted beam pattern at the minima (t=500 sec) for 1 W/cm2 











Fig.4.21. Transmitted beam spot at minima for k||X, Fe:SLN 
 
 This is essentially due to the change of light-induced refractive index 
from inhomogeneous ( )inhn∆ to homogeneous ( )hn∆ . The Fe:SLN crystal samples 
used in our experiments are doped only with 100 ppm of Fe2O3 in the K2O fluxed 
melt and after the reduction treatment the density of Fe3+ traps are further 
reduced and also due to stoichiometric composition the antisite ][ LiNb  defects are 
drastically reduced. All these factors will lead to the reduced saturated space 
charge field that is related to defect density as ][],[ 53 ++∝ Lisat NbFeE . The reduced 
satE  saturated space charge field will lower down the saturated refractive index 
change 3 2sat o eff satn n r E∆ =  that also limits the maximum allowed ( )inhn∆ . Once this 
limit of ( )inhn∆ is reached, further exposure with light beam will result in the 
decrease of inhomogeneous ( )inhn∆  and increase of homogeneous ( )hn∆  as 
indicated in Ref. [118]. 
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The increase of transmitted light intensity after long exposure time was 
not observed for X-cut Fe:CLN crystal samples because first it was highly doped 
with ~ 600 ppm Fe2O3 in the melt and second the antisite defect density was very 
high (~1 mol%). The comparison of temporal evolution beam fanning of Fe:SLN 
and Fe:CLN at the incident beam density of ~5 W/cm2 is shown in Fig.4.15. 
 
Fig.4.22. Temporal evolution of the transmitted light intensity at 5 W/cm2 incident 
beam power density. 
 
Even after reduction there remains enough trap density to keep high 
saturation space – charge field satE  and eventually inhn∆  for the light density used 
in our experiments. High inhn∆  together with random fanning explains the results 
of Fe:CLN crystal sample (Fig.4.13b) where the spread due to fanning is much 
larger and consists of a large number of speckles [116] as compared to Fe:SLN 


















(Fig.4.13a). This result in higher beam fanning factor for Fe:CLN crystal even 
though the illumination spot’s size is same (Fig.4.12). Fig.4.13b, therefore is the 
direct indicator of Fe:CLN having much higher defect density. 
 
4.3.3 Experiments and results – X- Cut Fe:Tb:SLN 
Two X – Cut Fe and Tb SLN crystal samples were prepared. The Fe 
doping concentration was fixed to 100 ppm in both samples but Tb concentration 
was changed from 10 ppm to 140 ppm. Experimental setup shown in Fig.4.1 was 
used for all measurements. Fig.4.16 shows the effects of Tb doping on the beam 
fanning and optical damage with different concentration of Tb for X-cut crystal 
samples. For comparison, the measured data for the reduced X-cut Fe:SLN 
crystal sample is also presented. From Fig. 4.16, where Ip is the incident laser 
power density, we can see that Fe:SLN has the strongest beam-fanning effect 
and low threshold power density. The maximum scattering ratio of Fe:Tb:SLN 
samples decreases with the increase of Tb concentration. All these X-cut crystal 
samples showed strong beam-fanning effects and were optically damaged at 
relatively low incident power density (Fig.4.17). 
All the images were captured when the transmitted power reached to 
minimum. The comparison of all X – Cut crystal samples is given in Table 4.1 
including X – Cut Fe:CLN crystal sample. We can see that both beam fanning 
threshold and saturation level is increased as the doping concentration of Tb in 
the SLN crystal increases. Also the beam fanning factor BFF for Fe:Tb:SLN-2 is 











Fig.4.23. Beam-fanning factor BFF with the incident power density Ip for the light 







Fig. 4.24. Transmitted spot images of the laser beam at 7.2 W/cm2 in the X-cut 
crystal samples: (a) Fe:SLN; (b) Fe:Tb:SLN-1; (c) Fe:Tb:SLN-2. 
 
Table.4.2 Threshold power density (Ith ≡ W/cm2) of X-cut crystal samples 
X-cut Sample name Concentration of Tb








Fe:SLN 0 Ith = 0.002 Ith = 0.217 0.332 
Fe:Tb:SLN-1 10 Ith = 0.036 Ith = 0.217 0.266 
Fe:Tb:SLN-2 140 Ith = 0.216 Ith = 0.722 0.153 
Fe:CLN 0 Ith = 0.002 Ith = 0.144 0.468 
 
























 Fe:Tb:SLN-2 (140 ppm Tb4O7)
 Fe:Tb:SLN-1 (10 ppm Tb4O7)
 Fe:SLN




In this chapter, we have studied the effect of single laser beam incident on 
X – cut and Z – cut doped SLN crystals. The comparison has been made with 
Fe:CLN crystals. For the incident light along crystallographic X – axis and 
polarization along Z – axis beam fanning occurs for both doped SLN as well as 
CLN crystals. Beam fanning is characterized in terms of beam fanning factor BFF, 
which is proportional to amount of scattered light. BFF is improved by a factor of 
~1.5 for Fe:SLN, ~2 for Fe:Tb(10ppm):SLN and ~3 for Fe:Tb(140ppm). The beam 
fanning pattern for doped X-Cut SLN crystals was speckle free fringe pattern. On 
the contrary due to high density of intrinsic defects beam fanning pattern for X-Cut 
Fe:CLN crystal was full of speckles and the spread along Z – axis was much 
larger than for Fe:SLN crystal. For light beam incident along Z+ – axis and 
polarized perpendicular to it, the transmitted light beam power is attenuated in 
case of both doped SLN as well as doped CLN. But the light beam spot shape is 
preserved for doped SLN with low attenuation for Tb containing SLN crystals is 
measured. Even though Fe:SLN showed higher light beam power attenuation but 
the transmitted beam shape remain preserved. For Fe:CLN transmitted beam 
shape found to be highly distorted. For the incident light propagating along Z- – 
axis, the transmitted light beam power almost remained constant for both doped 
CLN as well as doped SLN crystals at high incident power density of ~30kW/cm2. 
At low incident power density of 3.6 W/cm2, the transmitted power increased 
slightly before saturation for doped SLN crystals, but the transmitted power 
initially decreased and then increased to saturate finally in case of doped CLN 
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crystal. The minimum observed for Fe:CLN crystal shifts towards left on time 
scale for higher incident power densities. At very high power density of 
~30kW/cm2 for both doped SLN and CLN the saturation occurred at very short 
time compared to measurement time scale. Theoretical simulation for both Z+, Z- 
agrees with experimental results of Fe:SLN. High density of intrinsic defects 
density is the main cause to disagreement of simulation and experimental results 
of Fe:CLN crystal. The angular tolerance for no transverse beam fanning to occur, 











5. One – Color Holographic 
Recording 
5.1. Introduction 
Lithium niobate crystals have been materials of tremendous interest 
because of their excellent photorefractive properties needed for holographic 
storage [119] and can be obtained in a wide composition range, from congruent 
(48.6 mol% Li2O) to stoichiometric (50 mol% Li2O) [100]. Stoichiometric lithium 
niobate (SLN) crystals have advantage over congruent lithium niobate (CLN) 
crystals in terms of reduced intrinsic defects like Li deficiency and NbLi antisite 
defects. Reduced intrinsic defects help in improvement and efficient control of 
photorefractive properties by selectively doping with transition metal or/and rare 
earth elements [52]. 
For a practical holographic data storage system, the selection of a 
holographic recording geometry is a very crucial issue. It will not only determine 
the design of the optical storage system but will also determine the multiplexing 
scheme that can be used to increase the data storage speed and capacity. 
Usually, there are three holographic recording geometries, i.e. transmission 
geometry – in which signal and reference beams enter from same side of 
recording media, 90o geometry – when signal and reference beam enter into the 
recording media perpendicular to each other and reflection geometry – when 
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signal and reference beam enter from opposite faces of the recording media. The 
transmission geometry has been widely used to study the holographic recording 
properties of various doped lithium niobate crystals (X-cut or Y-cut). The 90o 
geometry has been extensively studied for high-capacity demonstrations and 
compact implementations with cube shaped iron-doped lithium niobate 
(Fe:LiNbO3) crystals. The reflection geometry is used only with wavelength 
multiplexing method, especially in the study on Z-cut Fe:SLN crystals and fibers 
[26]. The progress of holographic storage technology using the Fe:LiNbO3 crystals 
in the first two geometries, has been hindered by the light-induced beam fanning 
(scattering) and optical damage at high laser power density. On the other hand, 
the reflection geometry is most suitable for wavelength-multiplexed systems due 
to its optimal wavelength Bragg selectivity. It is also suitable for shift-multiplexed 
disk-type systems [120,121]. For the construction of holographic disks with doped 
SLN crystals, the reflection geometry can be one of the best choices. 
      Holographic recording in Z-cut singly, doubly of triply - a doped SLN 
crystals using the reflection geometry has been studied in detail. We have studied 
the effect of Fresnel’s reflection of laser beam on the diffraction efficiency of 
single hologram recorded in the Z-cut Fe:SLN crystals in the reflection 
(approximately counter-propagating) geometry. The considerable effect of non-
reciprocal energy transfer on the diffraction efficiency has been observed and a 
readout configuration to get the enhanced diffraction efficiency of the hologram 
stored in the reflection geometry is demonstrated. Theoretical simulation has also 
been performed done to confirm the results. High speed plane wave holographic 
recording was performed by increasing total recording power density in Z – cut Fe 
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and Tb doped SLN crystal sample.  Signal carrying holograms were recorded in 
focal – plane recording scheme i.e. the image bearing signal was focused into the 
recording media with plane reference beam. Exposure time of milliseconds was 
achieved to storage hologram with sufficient diffraction efficiency. 
5.2. One – color theory 
On the basis of band transport model (Fig.5.1), when two coherent light 
beams meet inside the crystal media, electrons from the donor sites are excited 
into the conduction band after absorbing light of suitable wavelength, which then 
migrate to dark region via drift, diffusion or photovoltaic effect and get trapped at 
the acceptor site. This process results in net transfer of negative charge in dark 
region and positive immobile ions remains in bright region to develop space-
charge field that finally modifies the refractive-index via electro-optic effect. When 
one of the two coherent beams strike the modulated refractive-index (phase-


















The temporal evolution of space-charge filed and refractive-index change follows 
the exponential growth and decay. Based on the kukhtarev’s equations [chapter-
4] and under small modulation approximation ( 1<<m ), we can find the theoretical 
expression for space-charge field as, 
 
 ( ) ( )[ ]rscsc tEtE τ−−= exp1        (5.1) 
 
For recording and, 
 
 ( ) ( )[ ]escsc tEtE τ−= exp        (5.2) 
 
For erasing, where er ττ , , are recording and erasing time constants, scE  is related 
to the recording media parameters as, 
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The expression for refractive-index modulation for light polarized perpendicular to 
c – axis is given as, 
 
 ( ) ( )tErntn sco 1332
1−=∆         (5.7) 
 
and the diffraction efficiency of reflection hologram (Fig.5.2) in terms of refractive-













Fig.5.2. Reflection Geometry 
 

















where, θ  is the angle between two interacting coherent light beams, L  is the 
thickness of recording media, α  is the absorption coefficient at the recording 
wavelength and λ  is the wavelength of the recording light. 
 
5.3. Effect of Non-Reciprocal energy Transfer on diffraction 
efficiency 
As seen in chapter 4, for the Z – Cut crystal sample and the single incident 
beam the part of light reflected from the back face of the crystal interacts with the 
primary beam and results in transfer of energy depending on the orientation of the 
optic – axis relative to the incident beam direction.  
We study the effect of fresnel reflection of diffracted light beam from the 
reflection hologram recorded in counter-propagating geometry in Fe-doped lithium 
niobate crystals. For the diffracted beam propagating along c+ – axis, the 
saturated diffraction efficiency achieved is found to be lower than that for the case 
when the diffracted beam propagates along c- – axis. Z – Cut lithium niobate 
crystals are well known for the non-reciprocal transfer of energy for particular 
orientation of optic axis relative to the incident beam [122]. This may be the main 
reason for reduced diffraction efficiency measured for the diffracted beam 
propagating along c+ – axis.  
The light beam with propagation wave vector k along c+ axis (k||c+) couples 
with the weak reflected beam due to two-wave mixing process and transfers 
power from the main beam to the reflected beam that is propagating along c- – 
axis. Therefore, the transmitted beam attenuates with time until reach a saturated 
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minimum depending on the coupling strength. On the other hand, when the light 
beam is propagating along c- – axis (k||c-), it couples with weak reflected beam 
and takes away power from weak reflected beam. The transmitted beam 
enhances slightly with time, again depending on the coupling strength. 
The Fe:SLN crystals were grown by the top-seeded solution growth 
(TSSG) method from the 16 mol% K2O-fluxed melt. The concentration of Fe2O3 in 
the fluxed melt was 0.01 wt.%.2 As grown crystals were oriented using a Rigaku 
X-ray goniometer for Z ( 001 ) planes within the accuracy of 1o. One Z-cut Fe:CLN 
sample was also prepared and both reduced in Ar atmosphere at 950o C for 6 hrs. 
To check the crystal surface, lapped and polished crystal samples were inspected 
under microscope to confirm that no surface scratches exist. The thickness of 




























Fig.5.3 shows the experimental setup and the recording geometry. In 
Fig.5.3 the incident plane-wave light beam (beam diameter ~ 2 mm) of 
wavelength λ = 532 nm was split into two beams with equal power. The power of 
each beam was fixed to I1 = I2 = 0.53 W/cm2 and the polarization was fixed in the 
plane of incidence. The external angle between two beams was fixed at 2θ ≈ 156o 
by using mirrors M1 and M2. The transmitted power I1t(t) and I2t(t) were monitored 
by using power meters PM1 and PM2. Shutters S1 and S2 were used to block one 
or both the incident light beams. The sketch of counter-propagating beam 
interference inside the crystal is shown in Fig.5.4. The internal angle between the 
two interfering beams is 2α ≈ 170o and power of each beam is (1-R)I1 = (1-R)I2 ≈ 
0.45 W/cm2, where ( ) ( )[ ]22 11 +−= oo nnR  is the reflectance and no is the refractive 
index of the crystal samples. At the face c-, I1r(t) is the reflected and  I1t(t) is the 
transmitted beam. Similarly, at face c+, I2r(t) is the reflected and I2t(t) is the 






















Fig.5.4. Sketch of gratings inside the crystal 
 
In Fig.5.5 we show the measured temporal dependence of transmitted 
light intensity for plane-wave incidence first along k||c+ (shutter S1 closed) and 
second along k||c- (shutter S2 closed). The experimental curves corresponding to 
Fe:SLN are shown with closed symbols and for Fe:CLN with open symbols. For 
k||c+ the transmitted power I2t(t) decreases initially and almost saturates after 360 
sec for both Fe:SLN and Fe:CLN crystal samples. For k||c- the transmitted power 
I1t(t) increases continuously for Fe:SLN but for Fe:CLN the transmitted power 
decreases initially to reach a minimum and then increases. The final value 










Fig.5.5. Change of the transmitted power with time for the incident beam along c+ 
and c- axes. 
 
Fig.5.6 shows the measured diffraction efficiencies for single reflection 
hologram recorded in Fe:SLN crystal sample by keeping shutters S1 and S2 open. 
The diffraction efficiency is defined as η = I(1,2)t(t)/I2,1, here I(1,2)t(t) is the diffracted 
beam power for the incident readout beam I2,1. The diffraction efficiency was 
measured first by closing shutter S1 (S2 open) and recording value I1t(t) and 
second by closing shutter S2 (S1 open) and recording value I2t(t) and the whole 
procedure was repeated for time t = 360 sec. Fig.5.7 shows the same 
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Fig.5.6. Diffraction efficiency for Fe:SLN measured with diffracted beam along c+ 















Fig. 5.7. Diffraction efficiency for Fe:CLN measured with diffracted beam along c+ 
(circle) and c- (square) axes. 
 













































The numerical simulation of the whole process was performed using 
kukhtarev equations [19] and coupled wave analysis [20]. In the first step space 
charge field ( )tEsc ∆ was computed for Itotal = 0.9 W/cm2 and m = 1 for small time 
step t∆  and using eqn.5.7 & eqn.5.8,  the diffraction efficiency was then given by  
 

















2 LtErnLt sceffo      (5.9) 
 
 where 15.4 −= cmα  is absorption coefficient, L  is crystal thickness and 
Vcmreff
10109.10 −×±=  is the effective electro-optic coefficient. Now, in the second 
step for same step size t∆ , the intensity coupling equations were solved using 






2 3 sceffo Eprn=Γ         (5.10) 
 
Where 1+=p for I2 and 1−=p for I1 incident. The computed T1( t∆ ) = 
I1(L, t∆ )/I1(L,0) and T2( t∆ )=I2(L, t∆ )/I2(L,0) were finally multiplied to get 
( ) ( ) ( )tTtt ∆∆=∆ 11 ηη  and ( ) ( ) ( )tTtt ∆∆=∆ 22 ηη . The process was repeated until time 
Σ∆t = 360 sec. The simulated curves for T1(t) and T2(t) are shown in Fig.5.8 and 
the computed diffraction efficiency curves are shown in Fig.5.9. 
The simulated curves are in good agreement with the measurements 
done with Fe:SLN crystal sample. Comparing Fig.5.5 and Fig.5.8, the curves 
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plotted with square symbols correspond to the 1−=p , which implies that power is 
















Fig. 5.8. Simulated curves for beam coupling due to surface reflection for the 
incident beam along c+ (dash) and c- (solid) axes. 
 
The measurements for Fe:SLN match with the simulated curves but the 
mismatch with Fe:CLN may be first due to high doping concentration and second 
due to high density of intrinsic defects. Both intrinsic and extrinsic defects also 
cause random scattering of light inside the crystal and the scattered light interacts 
with the main beam and results in lots of random refractive index modulations on 
the wavelength scale. This type of modulation can result in random or stochastic 
scattering inside the transmitted beam [114]. 
 
 































Fig. 5.9. Simulated curves for diffraction efficiency including beam coupling due to 
surface reflection for the incident beam along c+ (dash-dot) and c- (dash) axes. 
Solid line corresponds to the diffraction efficiency when the surface reflection 
effect is not taken into account. 
 
The diffraction efficiency measurement on Fe:CLN also indicates 
random scattering behavior. The recording is uniform until first 60 seconds for 
Fe:CLN crystal sample (Fig. 4) but after that transient behavior becomes 
completely random and never shows saturation behavior like for Fe:SLN crystal 
sample in Fig.5.6. Experimental results on diffraction efficiency measurements in 
remaining sections will correspond to measurements done along c- – axis and not 
along c+ – axis. 
 




























5.4. Experiments and results 
5.4.1. Hologram recording with green light (~1W/cm2) 
One Fe:CLN with 600 ppm Fe and three doped SLN crystals were 
chosen to record hologram at the total recording power density of ~ 1W/cm2. First 
doped SLN crystal was doped only with 100 ppm of Fe (Fe:SLN), second was 
doped with 100 ppm Fe and 10 ppm of Tb (Fe:Tb:SLN-1). Last SLN crystal 
sample was doped with 750 ppm of Fe, 100 ppm of Mn and 140 ppm of Tb 
(Fe:Mn:Tb:SLN). All crystal samples were prepared with Z – faces polished to 
optical quality and with thickness in range of 1.8 mm to 2 mm. Before starting 
measurement all crystal samples were reduced in Ar environment for 6 hours at 
950 oC to increase the electron-donor density. The recording wavelength was 
fixed at nm532=λ  and the measurement was performed in reflection geometry. 
The diffracted signal was measured along c- – axis so as to reduce the effect of 
non-reciprocal transfer of energy from crystal face. The measurement 
corresponding to Fe:CLN crystal sample is shown in Fig.5.10. Both recording and 




















Fig. 5.10. Diffraction efficiency for Fe:CLN measured with diffracted beam along c- 
- axis. 
 









Fig.5.11. Diffraction efficiency for Fe:SLN measured with diffracted beam along c- 
axes. 








































Each data point was measured by closing shutter S1 after the time interval of 10 
sec. The measurement performed on Fe:Tb:SLN-1 is shown in Fig.5.12. The time 
interval was fixed to 15 sec to measure diffracted signal while recording.  
Fig.5.12. Diffraction efficiency for Fe:Tb:SLN-1 measured with diffracted beam 
along c- axes. 
 
The one – color recording curve for Fe:Mn:Tb:SLN is shown in Fig.5.13.  
Hologram recording was performed until the diffraction signal reaches at maxima 
and then one of the shutters (S1) was closed permanently and the decay of the 
hologram was monitored with Bragg matching reference beam by keeping shutter 




































Fig.5.13. Diffraction efficiency for Fe:Mn:Tb:SLN measured with diffracted beam 
along c- axes. 
 
5.4.2. Sensitivity and M/# 
The measured diffraction efficiency was used to find the one – color 












S ηη        (5.11) 
 
where, η  is diffraction efficiency as defined in eqn.5.9, totalI  is the total recording 
power density and L  is the thickness of the crystal sample measured in cm. Since 























total recording power density was fixed to 21 cmWItotal = , the effective sensitivity 











S ηη         (5.12) 
 









=         (5.13) 
 
where, eτ is the erasing time constant and rτ is the recording tome constant. 
The measured sensitivities and M/# for green light one – color recording 
is shown in Table 5.1. The sensitivity of Fe:SLN crystal sample was found to be 
slightly larger but the M/# is largest for Fe:CLN crystal sample. As sensitivity is 
directly proportional to electron donor density and M/# is directly proportional to 
electron acceptor density [Buse]. Since all crystal samples were highly reduced 
and the density of donor’s was maximized, therefore all samples almost give 
same sensitivity. To get the M/#, the erasure time constant is estimated from 
Bragg matched erasure curve. As no transverse beam fanning appears in Z – Cut 




Table 5.1. Measured sensitivity and M/# for one – color recording in reflection 
geometry at nm532=λ . 








cmS 21η  
#M  
Fe:CLN 600 0.18 0.1 ~11 
Fe:SLN 100 0.2 0.12 ~9 
Fe:Tb:SLN-1 100:10 0.18 0.095 ~8 
Fe:Mn:Tb:SLN 750:100:140 0.2 0.096 ~8 
 
Therefore the measured erasure time constant in reflected geometry 
provides accurate estimation of M/#. Now, the M/# estimation of all doped SLN 
crystal sample’s are almost same except Fe:SLN, which has slightly higher M/#. 
This difference may be attributed to inclusion of Tb that results in faster erasure of 
stored holograms [kitamura]. The higher M/# for Fe:CLN crystal sample may be 
due to still high acceptor density as CLN crystal have large density of antisite 
+4
LiNb  intrinsic defects that combines with 
+4
NbNb  to form deep bipolaron or when 
gives of electron than forms shallow polaron +5NbNb  that can accept electrons. 
These high densities of intrinsic defects can disrupt the reference beam that is 
incident along c+ - axis and reduce the net reference beam power density that 
results in slower decay of recorded hologram and hence longer erasure time 
constant and larger M/#. Such behavior is not observed in doped SLN crystal 
samples as the intrinsic defect density is heavily reduced and transmitted beam 
spot shape is preserved for light beam incident along both positive or negative 
axis. 
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5.4.3. Hologram recording with IR light 
Highly doped and highly reduced Z – Cut Fe:Mn:Tb:SLN  crystal sample 
was used to perform hologram recording at nm778=λ  using Ti:Saphire laser. 
The crystal sample was 2 mm thick and reduced in Ar environment at 950 oC for 6 
hours. After reduction crystal was very dark, but the absorption at the wavelength 
of 778 nm was very low and almost transparent at this wavelength.  Total 
recording power density was fixed to 3 W/cm2 with each beam at 1.5 W/cm2 
power density. The recording and Bragg – matched readout curve is shown in 
Fig.5.14. Two kinds of centers are involved in hologram formation at 77 nm 
wavelength. First is Fe2+ center that is weakly sensitive at this wavelength and 
second the shallow polaron absorption band between 900 – 1500 nm. 
The sensitivity and M/# at 778 nm recording wavelength were found to 
be 0.0025 cm/J and 3.23. Both sensitivity and M/# are heavily reduced when 
compared with the one measured at recording wavelength of 532 nm. The 
sensitivity is reduced by almost 50 times and M/# reduced by 2.5 times. The 
sharp reduction in sensitivity may be due to reduction in electron donor density, 



















5.14. Diffraction efficiency for Fe:Mn:Tb:SLN with recording at 778 nm. 
 
5.5. High speed recording 
5.5.1. Plane – wave Recording 
As we have already seen in last chapter that Tb doped Z – Cut SLN 
crystal samples have much lower beam fanning and the transmitted beam spot 
remains undistorted even at large incident light power density. At the incident 
power density of 30 kW/cm2 the performance of Fe:Tb:SLN-1 was best in terms to 
remaining transmitted beam power from both positive and negative faces of the 
crystal sample. One of the ways to resolve the issue of high sensitivity for storage 
to hologram at high speed is to use high power densities while recording 
hologram. It is almost impossible to record holograms at high recording beam 





















densities in X – Cut crystal samples as they have very low beam fanning 
threshold and beam fanning along optical axis is very strong. On the one hand for 
X – Cut crystal samples and transmission geometry the contribution from electro 
optic coefficient (r33 ~ 3r13) is three times larger for e – polarized recording beams 
than for o – polarized recording beams. But the beam fanning restricts the use of 
high power density to record holograms at high speed.  
On the other hand, In Z – Cut crystal even though only o – polarized 
light can be used i.e. only electro optic coefficient r13 is used, but by using 
extremely high light power densities much faster recording of holograms can be 
performed. The experimental setup shown in Fig.5.15 was used to store reflection 
holograms in Z – Cut Fe:Tb:SLN -1 crystal sample. The green laser beam (plane 
– wave) of wavelength 532 nm from Nd:Yag laser was split into two beams with 
equal power using liquid crystal beamsplitter (BS) and the two beams enter inside 
the crystal from two opposite faces of the crystal such that the interbeam angle 
between two beams fixed to 161 degree. The reference beam was chosen to 
propagate along c+ – axis (Fig.5.15) so that diffracted beam could be measured 
along c- – axis to get the maximized diffracted beam. For the measurement along 
c- -axis the diffracted beam wouldl couple with its reflected part from exit face and 
gain energy as discussed in section 5.3. The shutter S2 was closed time to time 
and diffracted signal was measured using power meter PM. Crystal sample was 
rotated by 3o to avoid the reflected part of reference beam to enter into power 
meter.. Once the hologram reaches maximum diffraction efficiency shutter S2 was 
closed permanently to measure the erasing behavior of the hologram. 
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Fig.5.15. Experimental setup for high speed plane wave holographic recording. 
 
Once erased completely the total recording power was adjusted to next 
higher level and whole process is repeated every time total recording power 
changed to new level. All measurements were performed at the same location i.e. 
during each measurement only recording power was adjusted so that remaining 
conditions remains exactly same. The measured diffraction efficiency curves for 
total incident power of 0.3527 W/cm2, 8.081 W/cm2, 17.06 W/cm2 and 70.0282 





























Fig.5.16. Recording and erasing curve for Z-cut Fe:Tb:SLN-1 at Irecording = 0.3527 
W/cm2. 
Fig.5.17. Recording and erasing curve for Z-cut Fe:Tb:SLN-1 at Irecording = 8.081 
W/cm2. 












































Fig.5.18. Recording and erasing curve for Z-cut Fe:Tb:SLN-1 at Irecording = 17.06 
W/cm2. 
Fig.5.19. Recording and erasing curve for Z-cut Fe:Tb:SLN-1 at Irecording = 70.0282 
W/cm2. 



















































The change in response time with the total recording power is shown in 
table 5.2. The response time is defined as the total time required reaching 
maximum diffraction efficiency. Also shown in the table are maximum diffraction 
efficiency achieved, obtained value of sensitivity and M/#. The sensitivity and M/# 
were calculated based on the definitions given by eqn.5.11 and eqn.5.13. 
 













0.3527 28.1273 885 0.12 10.50 
1.4000 18.6956 90 0.09 10.92 
8.0851 26.7588 9 0.11 13.32 
11.1408 21.7712 8 0.09 11.37 
14.1330 20.5714 5.5 0.08 17.42 
17.0600 30.4155 5.5 0.11 18.27 
20.2445 17.8667 2.1 0.09   11.28 
43.6085 22.5636 1.2 0.12 17.64 
70.0282 30.3672 1.1 0.12 16.74 
 
The plot of sensitivity with power density is given in Fig.5.20. The 
sensitivity is independent of total recording power in one – color holographic 
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Fig.5.20. The plot of measured sensitivity with the total recording power density. 
 
The average value of sensitivity if found to be around ~0.1 cm/J for 0.18 
mm thick reduced Fe:Tb:SLN-1 crystal sample at room temperature. The plot of 
M/# versus total power density is given in Fig.5.21. The average value of M/# if 
found to be around ~14 for 0.12 mm thick Fe:Tb:SLN-1 crystal sample for the 
plane wave and unity modulation recorded reflection holograms. 




























Fig.5.21. The plot of measured M/# with the total recording power density. 
 
The dependence to response time on the total recording power density is 
shown in Fig.5.22. As the total recording power density increases, the time to 
reach the maximum diffraction reduces drastically. With one order change is 
recording power density there is almost one order change in response time. This 
can be seen from Fig.5.23 that is plotted for recording power density larger than 6 
W/cm2.  


























Fig.5.22. Response time with Recording power density in range (~0.3 – 70 
W/cm2). 
Fig.5.23. Response time with Recording power density in range (~6 – 70 W/cm2). 
 













































Now, the response time defined above is related to as space-charge field 
that grows with time as ( )[ ]τt−− exp1 , where τ  is the time constants and depends 
on the light power density as, ( )Ipho σεετ =  , where Iph ∝σ  is the 
photoconductivity and ε  is the dielectric constant of the crystal material. In view of 




tres =∝ 1          (5.14) 
That can further be written in the form, 
 bxay +=           (5.15) 
 where ( )resty 10log= , ( )ka 10log=  and ( )Ibx 1log10= . The linear fit on the 



































This shows the trend of decreasing response time by increasing light power 
density and the response time of sub milliseconds can be achieved by increasing 
power densities to the order of ~MW/cm2.  
5.5.2. Image Recording 
In this section, we have recorded image carrying signal beam in 
reflection geometry to estimate the minimum time required to record the hologram 
with sufficient diffraction efficiency that can be detected by CCD.  Fig.5.25 shows 






Fig.5.25. Experimental setup for recording and reconstruction of an image-bearing 
hologram: ND – neutral density filter; BS – beam splitter; L1, L2 – lens (110 mm); 
M1, M2 – mirror; BE – beam expander; CNTT – chromium negative test target; 


















The expanded signal beam carries information from CNTT (chrome negative test 
target) plate and this information carrying beam is focused into the Fe:Tb:SLN-1 
crystal using lens of 110 mm focal length. The signal was imaged onto CCD using 
lens of focal length of 110 mm. The unexpanded plane reference beam meets 
with signal beam inside the crystal. The angle between the signal beam and 
reference beam is about 153°. The shutter S1 was used to control the total 
exposure time and shutter S2 open while recording and closed while readout. For 
readout of the stored hologram, the reference beam power was reduced using 
beam attenuator (ND) to sufficiently low value to avoid CCD saturation. The ratio 
of power of two beams was kept equal but the power density of signal beam was 
around ~81.5  kW/cm2 and that of reference beam ~ 38 W/cm2. 
Fig.5.26 shows the series of images stored and reconstructed with 
different exposure time. All images (a – d) were stored at same location. After 
capturing the reconstructed image by CCD, it was completely erased for 15 
seconds using reference beam of power ~ 38 W/cm2.  The reconstructed images 
a – d show images stored for 1 msec, 2 msec, 3 msec and 10 msec respectively. 
Image (e) is the captured signal passing through the crystal. Image stored for 3 
msec is has high quality and noise back ground is much lower than the images (a, 
b) but still images (a,b) can be detected with sufficient quality. High power density 
was achieved by tight focusing of signal beam into the Z-Cut doped SLN crystal. 
As shown in chapter 4, tight focusing of light beam in CLN crystal caused beam 
distortion and transmitted beam became highly speckled. Therefore, it was not 
possible to store image bearing hologram in doped CLN crystal with focused 
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beam. The recording time could be further reduced by increasing power density of 
the signal and reference beam by further tight focusing of signal and reducing the 
















Fig.5.26. Reconstructed image-bearing hologram stored within (a) 1 msec, (b) 2 
msec, (c) 3 msec and (d) 10 msec in the Z-cut Fe:Tb:SLN-1 crystal; (e) Direct 
transmitted image from the crystal. 
 
This approach provided the solution to overcome the slow response 
limitation due to low sensitivity of lithium niobate crystals (0.1 cm/J) relative to 





reduced by more than 2-3 orders of magnitude [28,86] and using this approach it 
might be possible to reduce recording time with CW to few µsec [123,124]. The 
speed of grating formation is  limited by electron lifetime, which is inversely 
proportional to the product of recombination constant (γ ) and  concentration of 
electron acceptors ( FeN )  and of the order of sec10
10−≈ . For the grating formation 
electron has to go multiple excitation and trapping process and each time electron 
transport by its characterstic length m1010−≈ . Therefore to transport a distance of 
single grating period ( mµ1≈ ) single electron on an average needs to do hopping 
10,000 times that will make average transport time to sec1µ≈  . At sufficiently high 
light intensity it should be possible to achive single hologram recording time of the 
order of µsec. 
Other way is to use the crystal sample with higher doping concentration, i.e. 
NFe. Short readout time of the images do not degrade the image quality but due to 
dark decay (because of high reduction state) of the crystal, stored image 
degraded continuously to finally get erased within two week.  
5.5.3. Shift Multiplexing 
The experimental setup for shift multiplexing is shown in Fig.5.27. To 
improve the Bragg selectivity diverging spherical reference beam was chosen 















Fig.5.27. Experimental setup for recording and reconstruction of shift-multiplexed 
mage-bearing holograms. 
 
Lens L2 of 90 mm focal length was inserted in reference arm to focus 
the reference beam before the crystal, such that the diverging reference beam 
meets the focused signal beam inside the reduced 
Fe(750ppm):Mn(100ppm):Tb(140ppm):SLN crystal. The size of the reference was 
optimized to include several higher spatial frequency components, other wise only 
zero-order is reconstructed that makes reconstructed image blurred as 
information regarding sharp edges is lost. Images were stored by shifting the 
recording media either along X - direction or in Y – direction, until the 
reconstructed image disappears completely. Each hologram was exposed for 






































Fig.5.28. Sketch of matrix of 3 X 3 (9) holograms stored using shift multiplexing 
with shift ∆X along X – direction and ∆Y along Y – direction. 
 
The shift along X – direction is 3 times larger than in the Y – direction is due to 
higher Bragg selectivity in X – direction [86]. The corresponding reconstructed 
images are shown in Fig.5.29. Each hologram was stored for only 10 msec 
exposure time and the stored hologram maintained its good reconstruction quality 
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Fig.5.29. 9 pictures stored in 3 × 3 matrix in a Z-cut Fe:Mn:Tb:SLN crystal plate 
(2.5 mm in thickness) using exposure times of the order of 10 msec. 
The schematic diagram of shift – multiplexing method is shown in Fig.5.30. each 
information carrying hologram can be approximated as cylindrical in shape with its 
height decided by recording media thickness and the diameter is decided by the 
reference beam diameter. Even though each hologram diameter was around 1 
mm, but each hologram shares space with adjacent 8 holograms as 5 th 













Fig.5.30. Sketch of shift-multiplexing method.  
 
The smallest spatial feature in CNTT corresponds to ~4.5 µm and the pixel 
size of one mega pixel transmissive type SLM is ~ 25 µm. Therefore by using one 
mega pixel transmissive type SLM in the setup of Fig.5.27 and keeping other 
parameters fixed, 1 Mbit page can be effectively stored in the area of 100 µm X 
300 µm. This provides the rough estimate of storage density of ~ 21 Gb/in2. By 
improving the shift selectivity ∆X, ∆Y in the shift–multiplexing method the storage 
density can be improved by several orders. Shift selectivity can be reduced by 
implementing hybrid multiplexing techniques like combinig shift with random 
phase-coded (speckle) or simply known as correlation multiplexing. Using 
correlation multiplexing storage of 7X7 holograms with shift selectivity of as low as 
, 25X Y mµ∆ ∆ ∼  has been reported by others [119,127]. Further with the single 










exposure time varying from 1 – 10 msec, it should be possible to achieve 
recording rates of 100 Mbps to 1Gbps. To further increase recording rates there 
are two possible ways, one is to increase the recording power density by further 
tight focusing the signal and reference beam into the crystal and second is to use 



















In this chapter, Z – cut doped SLN and CLN crystals were used to record 
holograms in reflection geometry.  Z – cut crystals become favorable due to no 
transverse beam fanning and high threshold (>146 kW/cm2) for optical damage. 
The effect of polarity of optic axis was observed on diffraction efficiency 
measurements. The ratio of diffraction efficiency for diffracted signal measured 
along Z- direction to the Z+ direction was around 3. This difference in measured 
diffraction efficiency for same hologram is due to non-reciprocal energy transfer of 
energy between diffracted and fresnel reflected beam at the air crystal interface. 
For the total recording density of 1 W/cm2, 100 ppm Fe doped SLN crystal the 
diffraction efficiency increased monotonically until reached saturation. The Fe 
doped CLN and highly Fe (750 ppm) doped SLN reach the maximum diffraction 
efficiency and then recording become unstable with random oscillations such that 
stable saturation level is not achieved. This is essentially due to scattering by high 
density of intrinsic and extrinsic dopants. The high speed recording was 
performed in Fe(100):Tb(10):SLN-1 crystal sample using total recording density 
range in between 0.3527 W/cm2 – 70 W/cm2 using plane wave in reflection 
geometry. The maximum and minimum response time achieved was ~900 sec 
and ~1sec. The hyperbolic relation between total recording light density and 
response time is observed. The minimum recording time of 1 msec was 
demonstrated for signal (chrome negative test target - CNTT) carrying beam 
focused into the crystal and plane reference wave with total recording density of 
83kW/cm2.  
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6. Two – Color Holographic 
Recording 
6.1. Introduction 
One of the most important problems in holographic data storage is to fix 
the recorded information or make it non-volatile. There are several methods 
proposed for this purpose. One of them is thermal fixing. In thermal fixing, ionic 
grating is thermally activated to increase its mobility, so that the mobile ions can 
compensate the electronic grating formed by the initial writing process. Later, the 
electronic grating is erased optical to reveal the only remaining ionic grating. 
Because the information is stored as a spatial pattern of ions rather than as a 
spatially inhomogeneous distribution of filled traps, it cannot be erased by the 
reading light. Several disadvantages of thermal fixing is the complex processing 
and the need to write the entire memory before fixing, further, more time needed 
to fix gratings. 
Second method is known as electrical fixing that involves ferroelectric 
domain reorientation near the Curie temperature, which restricts its generality, 
and imposes serious limitations on the spatial frequencies recorded inside the 
material because of minimum domain sizes. Two color or two center holography is 
the most promising technique to readout the data nondestructively. In two-color 
holography, charge generation occurs by means of a two-step photo-ionization 
 131
with two different wavelengths of light. One color (λ1 - long) carries the object 
information that is carried on coherent object and reference beams, and the 
second color (λ2 - short) function as gating light. The gating can be considered as 
the sensitization of the recording material for the recording hologram. 
 
6.2. Two – color theory 
On the basis of band transport model Fig.6.1, when two coherent beams of 
long wavelength (recording) and one coherent/incoherent (gating) beam of short 
wavelength strike the recording media then first due to photo excitation by short 
wavelength light electrons from the deep traps are excited to the conduction band 
that finally get trapped at shallow trap. Now, the two long wavelength coherent 
light beams forms the interference pattern and electron from the shallow trap in 
bright region excites and gets trapped in the dark region at deep trap to form the 
deep trap hologram. After recording the gating beam is switched off and the 
recorded hologram is readout only with one of the recording beams that cause no 
erasure if deep traps are not sensitive to recording wavelength or weak erasure if 
deep trap is weakly sensitive to recording wavelength i.e. it has non-zero 














Fig.6.1. Two – Color Band transport model: 1,3 – deep trap, 2 – shallow trap 
 
Two – color or two – center holographic recording can be theoretically 
explained by modified kukhtarev equations [buse, adibi, others]. By including the 
rate equations for deep and shallow traps, the complete set of kukhtarev 
equations can be written as 
 
( ) ( )−−− −++−= 11112121111 NNnNIsIsdtdN γ      (6.1) 
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dE −++−= −− 21εε       (6.5) 
 
where, 2111 , ss  are photoexcitation constants of deep and shallow trap for gating 
light. 2212 , ss  are photoexcitation constants of deep and shallow trap for recording 
light. nNN ,, 21
−−  are the electron concentrations in deep trap, shallow trap and 
conduction band. 22211211 ,,, κκκκ  are bulk photovoltaic coefficients for deep and 
shallow traps corresponding to gating and recording light. 21 ,γγ  are the electron 
recombination coefficients for electrons from conduction band to deep and 
shallow trap. ANEj ,,  are current density, space-charge field and concentration of 
non-mobile positive compensation charge. T  is the temperature and Bke ,,µ  are 
fundamental constants and oεε ,  are dielectric permittivity of free and space and 
dielectric media.  
For homogeneous gating light illumination and sinusoidal recording light 
illumination equations 6.1 – 6.5 can be break up into zero and first order Fourier 
components under low modulation and adiabatic approximation [] and these new 
set of zero and first order equations can be solved to get temporal evolution of 
space charge field as, 
 
( )[ ]rsc tEE τ−−≈ exp11        (6.6) 
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for recording and, 
 
( )[ ]esc tEE τ−≈ exp1         (6.7) 
 
for erasing, where, scE  is the saturation space-charge field. er ττ ,  are recording 
and erasing time constants. 
  After knowing space-charge field 1E , the net refractive index change 
via electro-optic effect can be calculated as, 
 
 ( ) ( )tErntn o 11332
1−=∆         (6.8) 
 
where, 13, rno  are the ordinary refractive index and electro-optic coefficient for light 
polarized perpendicular to c – axis. The diffraction efficiency can be written as, 
 
 ( ) ( )( )⎟⎟⎠
⎞⎜⎜⎝
⎛ ∆= θλη sintanh
2 Ltnt        (6.9) 
 
where, L , λ  and θ  are the thickness of recording media, the wavelength of 
recording (readout) light and the half angle between two recording light beams 




6.3. Experiments and results 
6.3.1. Hologram recording UV gating and green recording light 
The Z – cut Fe:SLN (doped with 100 ppm Fe)Fe:Mn:Tb:SLN (doped 
with 750 ppm Fe, 100 ppm Mn and 140 ppm Tb) was strongly oxidized in O2 for 6 
hours at 950 oC such that most of Mn and Fe and shallow – polaron trap centers 
remain empty (crystal sample was slightly colored). With this oxidation state it 
should be possible to excite electrons from deep UV center created due to Tb 
doping even though Tb do not directly contribute as photorefractive center 
[furukawa]. All experiments were performed in reflection geometry and at 
recording light power densities of 1 – 5 W/cm2 or higher.  
Fig.6.2. Experimental setup for Two – Color holographic recording using green 









λ = 532 nm 
S1 BE 
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The diffraction efficiency was measured as the ratio of diffracted beam 
power and reference beam power. Reflection geometry was chosen because no 
distortion of light beam occurs at high incident power densities for light 
propagating along optic axis. 
Two plane beam of wavelength 532 nm meet inside the Fe:SLN and  
Fe:Mn:Tb:SLN crystal at an external angle of 161o. The UV light beam from 
mercury – xenon lamp provides the light in the range 300 – 400 nm, which 
peaked at 365 nm. The power of UV light was externally controlled and was 
continuously tunable from 0 to 100 % power density output. At 100 % output the 
UV light density at the crystal face can go up to ~1 W/cm2. The recording light 
power density was controlled by beam attenuator and liquid crystal beam splitter 
was used to keep the power of two interfering beams same. 
First experiment was performed with UV light power density fixed to 
~200mW/cm2 and the total recording power density was fixed to ~5W/cm2, 
therefore the gating ratio was fixed to 25. The result is shown in Fig.6.3. After 
recording the UV light was switched off and read out with one green light beam. 
Readout with green reference beam resulted in complete erasure. The erasing 
was much faster compared to recording as the readout power was half of the total 
recording power. Also In comparison with the one – color recording at ~8W/cm2 
recording density (Fig.5.17 – Fe:Tb:SLN-1), the erasing trend indicates that the 














Fig.6.3. Recording of hologram in Fe:Mn:Tb:SLN crystal sample using 5W/cm2 
recording density and 200mW/cm2 gating light density. 
 
In the second experiment, after complete erasure second reflection 
hologram was recorded at the same spot in the absence of UV gating light 
keeping other conditions exactly same. The results are shown in Fig.6.3.  Both 
recording and erasing time is very long. This implies that the hologram was 
formed in Mn traps as Mn is less sensitive to 532 nm light compared to Fe. The 
hologram was completely erased with no fixing. Even after strong oxidation the 
large electron lifetime in Mn and Fe trap may be one of the main reasons for not 
achieving nonvolatile hologram recording. No contribution from shallow trap 
occurs in these experiments as electron lifetime in highly oxidized crystal sample 
must be very small. Other reason for volatile storage may be due to heating effect 
as much higher recording densities are used [furukawa].  




























Fig.6.4. Second recording of hologram in Fe:Mn:Tb:SLN-2 using 5W/cm2 
recording density and no gating light 
 
In the next experiment the crystal sample was pre-exposed with UV 
light power density of 1W/cm2 for 60 seconds. The crystal sample was mounted 
on metal base to reduce the heating of crystal due to strong UV exposure. The 
results of the experiment are shown in Fig.6.5. Figure shows two measurement 
curves. First measurement was done with total recording power density of 
5W/cm2 and other with 1W/cm2. The maximum diffraction efficiency and the 
recording time are improved but the hologram is finally appears to be formed in 
Fe trap centre and resulted in complete erasure on readout.  Even though the 
crystal sample was pre-exposed with UV light to fill Fe and Mn traps but the 
hologram always gets recorded in Fe trap. In fact several cycle of recording and 


























Fig.6.5. Recording of hologram using pre-sensitized Fe:Mn:Tb:SLN-2 crystal 
sample with total recording power density at 1W/cm2 and 5W/cm2. 
 
Fig.6.6 shows the one-color recording performed with Fe:SLN crystal sample with 
total recording power density of 5W/cm2.  Crystal sample was first pre-exposed 
with UV light density of 1W/cm2 for 60 sec and then UV light power density was 
reduced to 200mW/cm2. The highest diffraction efficiency reached is ~10% but 
the readout using only one green beam was very fast. Once completely erased, 
second hologram was recorded at same location without UV exposure. The 
maximum diffraction efficiency achieved was around 2% only but the erasure 
while readout with green light was still fast and resulted in complete erasure. 
 















Fig.6.6. Recording of hologram in Fe:SLN crystal sample using 5W/cm2 recording 












Fig.6.7. Second recording of hologram in Fe:SLN using 5W/cm2 recording density 
and no gating light 
 



























6.3.2. Hologram recording UV gating and IR recording light 
Four doped SLN Fe:SLN(100 ppm Fe), Fe:Tb:SLN-1(100 ppm Fe and 
10 ppm Tb), Fe:Mn:Tb:SLN-1(100 ppm Fe, 10 ppm Mn and 140 ppm Tb) and last 
Fe:Mn:Tb:SLN-2(750 ppm Fe, 100 ppm Mn and 140 ppm Tb) crystal samples 
were prepared to perform two – color experiments with IR as recording light and 
UV as gating light.  The experimental setup was similar to one in Fig.6.2 as shown 
in Fig.6.8 but inspite of Nd:Yag laser Ti:Saphire laser was used to get 778 nm 
wavelength for recording hologram. The angle between two interacting IR beams 
was fixed to 154o.  
Fig.6.8. Experimental setup for Two – Color holographic recording using IR 
recording light and UV gating light. 
 
All crystal samples were first highly reduced in Ar environment at 950 oC for 6 








λ = 778 nm 
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Fe:Tb:SLN-1 crystal samples were almost colorless, Fe:Mn:Tb:SLN-1 was slightly 
colored and  Fe:Mn:Tb:SLN-2 was slightly more darker than Fe:Mn:Tb:SLN-1 
crystal sample. The total recording light power density was fixed to 6W/cm2 and 
the gating light power density was varied between 80 – 100mW/cm2 such that the 
gating ratio varied between 60 and 75. Each crystal sample was illuminated with 
fixed UV light density for 20 minutes before starting the recording experiment. 
Diffraction efficiency of recorded hologram was measured as the ratio of diffracted 
beam power to that of reference beam power. Fig.6.9 shows the measurement 












Fig.6.9. Results of two color experiment performed with Fe:Mn:Tb:SLN-2 crystal 
sample with 6W/cm2 of recording light and 100 mW/cm2 of gating light. 
 
The readout of hologram was performed at 3W/cm2 reference beam 
power density. Erasure while readout was very strong at high readout power 














density. Hologram was readout until the diffraction efficiency reached to 10% of 
the highest value after that it was erased using UV light beam. The measurement 
for Fe:Mn:Tb:SLN-1 crystal sample is shown in Fig.6.10. Recorded hologram was 













Fig.6.10. Results of two color experiment performed with Fe:Mn:Tb:SLN-1 crystal 
sample with 6W/cm2 of recording light and 80 mW/cm2 of gating light. 
 
Fig.6.11 shows the measurement with Fe:Tb:SLN-1 crystal sample and Fig.6.12 
gives the measured curve for Fe:SLN crystal sample. The readout and erasing 
procedure was same as for Fe:Mn:Tb:SLN-1 crystal sample.  From Fig.9 to 
Fig.6.12, two common trends can be observed. First is as the total doping 
concentration decreases the maximum diffraction efficiency also decreases. 
Second is crystal sample with high Tb doping concentration shows larger decay 














on readout. For example crystal samples Fe:Mn:Tb:SLN-2 and Fe:Mn:Tb:SLN-1 
has Tb doping concentration of 140 ppm and more than 50% of diffraction 
efficiency decreases within twice the recording time. On the other hand, crystal 














Fig.6.11. Results of two color experiment performed with Fe:Tb:SLN-1 crystal 
sample with 6W/cm2 of recording light and 100 mW/cm2 of gating light. 
 
To confirm that the faster decay during readout at high power density is related to 
Tb doping concentration, we plotted the [ ]21lnη  vs. time as shown in Fig.6.13. The 
diffraction efficiency was normalized for comparison purpose. It can be clearly 
seen that the rate of decay for the crystal samples Fe:Mn:Tb:SLN-2 and 
Fe:Mn:Tb:SLN-1 is much faster than for crystal samples Fe:Tb:SLN-1 and 
Fe:SLN. Another interesting fact is that the decay rate Fe:Mn:Tb:SLN-2 and 
Fe:Mn:Tb:SLN-1 crystal samples almost match with each other, even though 
































Fig.6.12. Results of two color experiment performed with Fe:SLN crystal sample 
with 6W/cm2 of recording light and 80 mW/cm2 of gating light. 
 
Fig.6.14. shows the decay rate of [ ]21lnη  with Tb doping concentration. As the 
concentration of Tb changes from 10 ppm to 140 ppm  the decay rate increased 
from 1.14 times to 4.4 times. If this linear trend follows than high Tb doped 
crystals may create problem to the storage of nonvolatile holograms. Tb doped 
crystals reported to have a shallow trap just below conduction band, which is 
stable at room temperature [69-73]. The reason of fast decay in high Tb doped 
SLN crystals may be due to increased lifetime shallow traps. For the results 
reported in ref. [45], the continuous readout of stored hologram with 5 W/cm2 IR 
power density at wavelength 790 nm caused much faster decay for Fe:SLN 















([Li2O]~49.9 mol%, DCCG) when compared with Fe:SLN and Fe:Tb:SLN-1. Also, 
the decay of Fe:Mn:Tb:SLN-1,2 is slower than  SLN ([Li2O]~49.6 mol%, DCCG). 
These results may indicate that the SLN crystals grown with TSSG have higher 
stoichiometry than grown with DCCZ method as mentioned by Polgar et al. in ref. 
[37]. As the stoichiometry of the crystal reduces, the probability of direct 






















Fig.6.13. IR erasure during readout of holograms of doped SLN crystal samples. 
 































Fig.6.14. Decay rate of stored hologram with the amount of Tb inside the crystal. 
 
But on the basis of beam fanning results in chapter 4. Fe:Tb:SLN-1 crystal sample 
out perform other samples from the beam fanning point of view and also showed 
reliable and robust holographic recording in Z – Cut crystal sample. The 
comparison of results in Fig.6.13 is made The results for high speed recording are 
excellently repeatable. In view of these factors adding very small amount Tb can 
be very beneficial to develop high quality crystals for rewritable holographic data 



























In this chapter, two – color recording in partial and heavily oxidized crystal sample 
was done. All samples were Z – cut. Reflection geometry was used to record two-
color holograms with UV (300-400 nm) as gating light and green (532 nm) as 
recording light with total recording power densities of 1-5W/cm2. Readout with one 
green beam resulted in complete erasure of recorded hologram. Experiments 
performed UV gating and IR (778 nm) as recording light with total recording power 
density of 6W/cm2 showed much slower erasure while readout. Best performance 
was by Fe:SLN and Fe:Tb:SLN (10 ppm) crystal samples. Crystal sample with 

















Lithium niobate crystals with congruent composition (CLN) have been the 
workhorse crystal material for holographic data storage for past few decades. But 
CLN crystal has many shortcomings due to high density of intrinsic defects that 
has always resulted in below par performance for holographic data storage. 
Crystals with stoichiometric composition (SLN) overcome these shortcomings of 
intrinsic defects and perform much better than CLN. Proper growth conditions are 
required to grow high optical quality SLN crystals doped with the desired transition 
(TM) and rare-earth (RE) dopants. We used TSSG (top seeded solution growth 
method) to grow undoped and doped SLN crystal samples at very low vertical 
temperature gradient.  
We studied in detail, the effect of coherent laser beams on doped X,Z-Cut 
undoped and doped SLN crystals. High  speed ~msec recording using focused  
signal beam is performed in doped SLN crystals. 
The major accomplishments of this research are: 
1. Developed low vertical temp gradient flux growth method to grow high 
quality undoped and doped stoichiometric lithium niobate crystals. 
Growth was performed mainly along facet or perpendicular to facet and 
X – axis. Crystal samples of 300 mm in height and 18 mm in diameter 
were obtained by this method. 
 150
2. Optical characterization methods were used to confirm the 
stoichiometric composition of undoped as well as doped (Fe,Mn,Tb) 
SLN crystals. The shift in OH-1 vibration peak supported the 
stoichiometric composition of doped crystals. Further the non existence 
of Raman peak at 740 cm-1 confirmed the non-existence of antisite 
intrinsic defect even in highly doped (~1000 ppm) SLN crystals. 
3.  Beam fanning in doped SLN crystals was found to be deterministic 
compared to doped CLN crystals, which showed random beam fanning. 
The backward fanning in Z – cut crystals was relatively weak in Tb 
containing SLN crystals and the transmitted beam spot always 
preserved its shape. But for doped CLN crystal the transmitted beam 
spot was highly distorted and full of speckles. Further Z – cut SLN 
crystals were able to sustain very high incident power density almost 
~150kW/cm2.  
4. Plane wave hologram recording with increasing power densities was 
performed in doped SLN crystals. Total recording time ~1sec was 
obtained at total recording power density of 70W/cm2. Ultra high speed 
image recording was performed at total recording power density of 
~81kW/cm2 (using tight focused signal beam) and the image was 
successfully retrieved for recording time of ~1msec. 
5. Shift–multiplexing method was implemented using focused signal beam 
and diverging reference beam to store matrix of 3 X 3 holograms. 
Holograms were recorded with in-plane shift of 100 micron and out-of 
plane shift of 300 micron. 
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6. At the IR recording and UV gating low Tb containing SLN crystals 
showed better performance from non-volatility point of view. The overall 
decay was ~5 time less in SLN crystal with no Tb and SLN crystal with 
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